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Abstract
Natural rubber (NR)/organoclay nanocomposites were prepared using organo-
montmorillonite (OMMT) and organo-sepiolite (OSEP). Both were found to
improve modulus significantly more than equivalent amounts of conventional fillers
such as carbon black for strains up to 100%. OSEP was found to increase modulus
more than OMMT for a given filler content, and NR/OSEP nanocomposites also
had potentially anisotropic physical properties. OMMT had more effect on
vulcanisation than OSEP, although both produced considerable acceleration.
The tensile stress-strain behaviour of NR/OMMT and NR/OSEP nano-
composites were studied using a number of different micromechanical models.
Some models were found to give a good empirical fit with experimental data,
with the best results given by the Halpin-Tsai model. Furthermore, by analysis
of the vulcanisation behaviour using rheometry, and particle morphology using
transmission electron microscopy (TEM), it was possible to accurately estimate
the Young’s modulus of a nanocomposite from knowledge of the cure onset time
and the shape factor of the particles.
It was discovered that unmodified montmorillonite and sepiolite clays could
undergo organic modification in situ during mixing into NR following the addition
of a suitable modifier. This resulted in vulcanisates with very similar physical
properties to those found when using pre-modified OMMT or OSEP. TEM and
X-ray diffraction showed that the exfoliation state of the clay modified in situ
was also similar to that of pre-modified organoclay.
Silane coupling agents were also used with NR/OMMT and NR/OSEP nano-
composites, producing significant increases in modulus. However, the increased
modulus was only observed above 40% strain for OMMT and above 25% for
OSEP. The coupling agents strengthens the rubber-filler interface preventing
interfacial slippage and cavitation in the nanocomposite, and these mechanisms
only begin to operate when the interfacial stress reaches a significant level. The
most effective coupling agent used was bis[triethoxysilylpropyl] tetrasulfide due
to its relatively high reactivity.
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phr parts per hundred parts of rubber
22
D. J. Lowe, July 2012 List of Symbols and Abbreviations
PS Polystyrene
PVI Pre-vulcanisation inhibitor (N-cyclohexylthiophthalimide)
RCN Rubber/clay nanocomposite
SAF Strain amplification factor
SBR Styrene-butadiene rubber
SEM Scanning electron microscopy
SMR-L Standard Malaysian Rubber - light grade
TARRC Tun Abdul Razak Research Centre
TEM Transmission electron microscopy
TESPT Bis(triethoxysilylpropyl) tetrasulfide
TGA Thermo-gravimetric analysis
TS Tensile strength
XNBR Carboxylated NBR
XRD X-ray diffraction
XSBR Carboxylated SBR
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Introduction
After vulcanisation, which transformed rubber from a curiosity into a usable
material, arguably the second most important advance in rubber technology was
the discovery of reinforcing fillers. These increase the strength and stiffness of
elastomeric compounds, greatly improving the performance of rubber in many
different applications. The two most commonly used reinforcing fillers are carbon
black and silica, which have been in use for over 100 years1 and 50 years2
respectively. There have been attempts to produce other fillers that are reinforcing
of rubber vulcanisates, but none have found widespread application. A new
reinforcing filler might have a tremendous impact on the rubber industry.
Since the early 1990s there has been much research done into the incorporation
of highly exfoliated clay minerals in polymers to produce polymer/clay nano-
composites (PCNs). In most cases the clay must be pre-treated with a organic
modifying agent, typically an organic ammonium salt, for the hydrophilic clay to
exfoliate into a hydrophobic polymer. Clays modified in this way are generally
known as organoclays. The benefits of PCNs, such as improved strength to
weight ratios or better heat resistance, are significant for a variety of applications.
However, the biggest use of PCNs currently is in food packaging, because the
high aspect ratio of many clay minerals when fully exfoliated allows dramatic
reductions in gas permeability.
Given the success of organoclays in polymers, it is surprising how long it took
for investigation to begin into rubber/clay nanocomposites (RCNs). The first
papers began appearing in the late 1990s, and it was not until well into the next
decade that the field exploded into life. It is clear in the literature that there has
been some disagreement about the scale of the improvement in properties found
with RCNs. However, there is a clear consensus that organoclays do provide some
level of reinforcement when used in rubber compounds.
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The aim of this thesis is to demonstrate and where possible to quantify the
effects that the organoclays organo-montmorillonite (OMMT) and organo-sepiolite
(OSEP) have on the properties of natural rubber (NR). This aim is quite broad
and allows a great deal of latitude in the approach taken. Chapter 2 is a review of
the current literature, beginning with an overview of rubber technology in general.
This includes crucial aspects such as vulcanisation, use of reinforcing fillers, and a
description of the physical properties of both unfilled and filled elastomers. It also
reviews the properties of clays and organoclays, before discussing the advantages of
their use in polymers to produce nanocomposites. The literature review concludes
with a thorough investigation of the state of the art in rubber/clay nanocomposites.
This includes an analysis of the consequences of different methods of manufacturing
the RCNs; the effects of OMMT on vulcanisation, mechanical properties and
other important characteristics; work performed on areas of specific interest such
as silane coupling agents; and a description of the analytical techniques that have
been reported to be useful for investigating RCNs.
The materials, such as the different forms of organoclay, used in the production
of the RCNs are discussed in Chapter 3, along with experimental details of the
creation of the nanocomposites such as the formulations and mixing procedures
used. Chapter 4 describes the techniques used to characterise the nanocomposites;
from rheometry, used to establish the vulcanisation behaviour, to the different
mechanical tests performed and analytical methods used to study them.
The majority of RCNs reported in the literature are based on the use of
OMMT as a filler, and the majority of the work in this thesis also involves the use
of this organoclay. The initial aim was to compare our results with those reported
elsewhere, to build up the knowledge and skills required to extend the research into
new and productive areas. This work, along with a description of the agreements
and discrepancies with the literature, is reported in Chapter 5. One characteristic
of OMMT is that it acts as an accelerator for sulfur-based vulcanisation of NR,
resulting in a significant reduction in the time for the onset of cure. This is
shortened to such an extent that it has the potential to be very problematic for
many commercial applications of rubber technology, such as injection moulding.
The cause of this acceleration was established and various possible methods for
reducing the scale of the problem were proposed and evaluated.
The main objective of Chapter 6 was to investigate the use in NR of OSEP,
which has a markedly different form to OMMT. In many respects OSEP was
equal or better than OMMT for use as a reinforcing filler, and had the major
advantage of having a much smaller effect on vulcanisation than OMMT. Another
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area of particular interest comes from the needle-like shape of sepiolite particles,
which offered the possibility of producing materials with significant anisotropy in
the mechanical properties such as elastic modulus.
Although the effects of the organoclays on increasing elastic modulus were
recognised, there had been little effort to explain this in terms of the structure
of the materials at a microscopic level. Chapter 7 describes how different micro-
mechanical models were used to establish which matched well with experimental
measurements of modulus. Further to this, it was hoped that the predictions of the
models could be matched up with non-mechanical properties of the RCNs, such
as the vulcanisation behaviour and the distribution of particle sizes as determined
by analysis of transmission electron microscopy (TEM) images.
During the course of this work it was discovered that it was possible to
organically modify montmorillonite with an organic quaternary ammonium salt
during mixing. As described in Chapter 8, this resulted in an intercalated and
exfoliated organoclay that TEM and X-ray diffraction (XRD) showed to be very
similar to RCNs created using pre-modified OMMT. It was also found that
the improvements in elastic modulus produced by pre-modified OMMT were
nearly matched by using in situ modified OMMT instead. Work using sepiolite
instead found similar results, although the disparity between unmodified sepiolite
and OSEP is not nearly so great as between unmodified montmorillonite and
OMMT. As using in situ modification rather than pre-modification should offer
advantages in both cost and flexibility, the fact that the mechanical properties were
independent of how the clay is modified makes it possible for in situ modification
to become the most widespread route for creating RCNs.
Previous research carried out on silane coupling agents with silica meant that
their use with organoclays was an area of particular interest (Chapter 9). As well
as the effects of the coupling agents on vulcanisation and mechanical properties,
Network Visualisation Transmission Electron Microscopy (NVTEM) was used to
directly study the strength of the rubber-filler interface by visualising how much
of a polymerisable solvent could swell into it. Three different silane coupling
agents were used, resulting in significantly different effects on the RCNs that were
justified on the basis of the known properties of the coupling agents in question.
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Literature Review
2.1 Aim
The aim of this work is to investigate the area of rubber/clay nanocomposites.
This is a relatively new topic of interest, which has developed out of the work
into polymer/nanocomposites done in the early 1990s. Because this is such a new
field the scope of this report is fairly broad. It considers two different forms of
organoclay, and looks at the effects of a wide range of different variables. This
being so, the literature review must of necessity be wide-ranging also. The survey
will look in sequence at rubber and rubber technology; clays and organoclays;
polymer/clay nanocomposites; and finally rubber/clay nanocomposites.
2.2 Introduction to Rubber
2.2.1 Natural Rubber
Natural rubber3 (NR), also known by the systematic name cis-1,4-polyisoprene,
has an empirical formula of (C5H8)n; n being the number of repeating units in the
polymer chain, which is typically of the order of 10,000. As well as polyisoprene,
NR normally contains a few percent of non-rubbers, such as proteins. The
stereoregularity of the double bond approaches 100% cis, which is responsible
for NR’s ability to strain crystallise. Strain crystallisation, as the name suggests,
involves the formation of crystals as the polymer chains are forced to align
as the slack in the network is removed when the material is strained. Strain
crystallisation of NR is entirely reversible, as the crystallites will disappear as
the strain is removed and the rubber chains resume their entropically-favoured
unaligned conformations. Strain crystallisation is a very important trait of NR
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Figure 2.1: Molecular structure of NR
as it makes it significantly stronger than similar elastomers (polymers that have
elastic properties) that do not strain crystallise. A good example of this is
synthetic cis-1,4-polyisoprene (Isoprene rubber, or IR), which has less stereo-
specificity (∼98% cis) and lacks the non-rubber components. Although IR does
strain crystallise, it does so less effectively than NR and so it typically has a lower
inherent strength.
NR was first introduced to Europe from the New World by the Spanish in
the 16th century.4 It is commercially obtained from the sap of Hevea brasiliensis,
commonly known as the rubber tree, although it is also produced by other plants.
The sap, commonly known as latex, is an emulsion of micron-scale NR particles
in water, which when coagulated forms a solid elastomer. Raw NR can deform
in two ways; elastically and by viscous flow. Because of its elasticity NR was a
novelty when it arrived in Europe, but it failed to find much practical use because
of some of its other physical characteristics. In particular, it demonstrated high
levels of viscous creep which meant that rubber products could not retain their
shape for long periods. NR did not find widespread use until the discovery of
vulcanisation by Charles Goodyear in 1839.4
2.2.2 Vulcanisation
Vulcanisation, also known as curing, commonly involves the reaction of sulfur
with the double bonds in an elastomer such as NR.5–7 This forms sulfidic crosslinks
of a range of lengths between the rubber chains. The crosslinks limit the movement
of the chains and therefore drastically reduce the amount of creep demonstrated by
the vulcanised elastomer compared to raw NR. Crosslink formation does not begin
immediately upon heating, so the molten rubber can be moulded into a desired
form before vulcanisation fixes it in a chosen shape. In addition, vulcanisation
enhances other properties such as strength and elasticity.
The process of vulcanisation can be observed and measured using rheometry.
A rheometer heats a small sample of unvulcanised rubber to a stated temperature
in a sealed chamber, and subjects the sample to an oscillating shear force. As
crosslinks are formed in the rubber, the torque required to maintain the amplitude
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nanostructured silicates, the follow expression is pro-
posed:
d/dt  K(T)m(1  )n (8)
where n and m are the reaction orders. The choice of
this speciﬁc model was based on the experimental
results obtained in the isothermal tests, which con-
ﬁrmed that the reaction rate was equal to zero at both
ends of the process (  0 and   1) as predicted by
eq. (8).
EXPERIMENTAL
Materials and preparation of the compounds
NR was kindly supplied by Malasian Rubber (Berhad,
Malaysia) under the trade name CV 60 [Mooney vis-
cosity, ML(1  4) 100°C  60]. Clay with a cation
exchange capacity of 70 mmol/100 g was provided by
Tolsa S.A. (Madrid, Spain). The interlayer spacing of
the unmodiﬁed clay was 1.26 nm. To increase the
spacing between the layers of the silicate, we modiﬁed
the clay with octadecylamine following a previously
Figure 1 Typical curing curve of a rubber.
Figure 2 Curing curves of (a) n-order and (b) autocatalytic
reactions.
NR–ORGANOCLAY NANOCOMPOSITES 3
Figure 2.2: Typical curing curve of a rubber. Taken from Lo´pez-Manchado et al. 8
of oscillation increases. When torque is plotted against time a trace similar to
that in Figure 2.2 is produced.
The process of sulfur vulcanisation can be split into three distinct stages:
induction, curing and overcure. Induction, also known as scorch, is the period of
time before crosslinking begins: the duration of this period is called the scorch
time or cure onset time. Curing is the period of net crosslink formation, which
causes the torque measured by the rheometer to rise rapidly. Onc the torque
reaches a plateau, curing is complete and the compound enters the overcure stage.
Although rheometry indicates little change in torque uring t is st ge, overcure is
a dynamic sit ation th t reflects the interplay of three different processes: crosslink
shortening, with the extra sulfur forming new crosslinks; crosslink destruction;
and crosslink interchange. The balance of these processes determines whether
torque increases, decreases or remains constant during overcure.
Although originally vulcanisation just involved the addition of sulfur, the
efficiency and speed of the process was found to be improved by the addition
of zinc oxide and stearic acid, and later also organic accelerators. It is often
desirable to adjust the number and length of crosslinks in the vulcanisate, which
is achieved by varying the ratio of sulfur to accelerator. A high ratio (e.g. 3:1),
known as a conventional cure system, produces longer crosslinks and leads to
vulcanisates with higher strengths. A low ratio (e.g. 1:3) is referred to as an
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efficient vulcanising (EV) system and gives a high proportion of monosulfidic
crosslinks, which is advantageous for applications that, for example, require better
temperature resistance.
Although sulfur vulcanisation is by far the commonest type used, it is not
appropriate in all circumstances. For example, some synthetic rubbers that
lack the double bonds necessary for sulfur vulcanisation must be cured using
peroxides instead.9 Peroxide curing can also be used for unsaturated elastomers
like NR, producing direct carbon-carbon crosslinks via a free radical mechanism.
Peroxide vulcanisation differs significantly from sulfur vulcanisation in that there
is effectively no scorch period, with crosslinking beginning immediately. Another
type is urethane vulcanisation,10 which is often used for rubbers containing double
bonds that require stability at high temperatures.
2.2.3 Fillers and Coupling Agents
After vulcanisation, the next major advance in rubber technology was the
introduction of fillers.11 A filler is composed of microscopic particles that are
added into a material such as a polymer. Fillers used in rubber are classed as
either non-reinforcing or reinforcing. Non-reinforcing fillers are cheaper than the
rubber matrix and are primarily used to bulk out the material, although they can
also serve other purposes; for example, protection from ultraviolet light. This can
reduce costs without significantly degrading the material’s properties. Reinforcing
fillers, normally carbon black or silica, are much more important in the rubber
industry, because of the dramatic changes they can produce in the mechanical
properties of vulcanisates, particularly elastic modulus and strength.
Carbon Black
The effects of carbon black on the mechanical properties of NR were first
observed by SC Mote of the Silvertown Rubber Company in 1906,1 and it quickly
became widely used throughout the rubber industry. Modern carbon black is 97%
carbon and should not be confused with soot, which is typically less than 60%
carbon by mass.12 There are many grades of carbon black available, which are
classified according to the guidelines set out by the American Society for Testing
and Materials (ASTM) in the published standard ASTM D1765. Each grade
is defined by a four character code: the first character is a letter that provides
information of the effect of the specific grade of black on vulcanisation, with ’N’
indicating a normal cure rate and ’S’ a slow cure rate. The second character is
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a number between 0 and 9 indicating the average nitrogen surface area of the
black (0 indicating the largest surface area and 9 the smallest). The third and
fourth characters are arbitrarily-assigned numbers used to distinguish carbon
black grades with similar nitrogen surface areas. The specific grade of carbon
black is defined by its iodine absorption and its oil absorption: for example, carbon
black of N330 grade has an iodine absorption of 82g/kg and an oil absorption of
0.00102m3/kg.
It is generally the case that the higher the specific surface area of a carbon
black grade, the more reinforcing it will be. This will lead to improvements in
such properties as tear strength, abrasion resistance, and tensile strength, as well
as increasing hysteresis and creep. The specific surface area is partly related to
the average size of the particles, and also to the amount of structure, which can be
regarded as a measure of the unevenness of the surface. A second important factor
in determining reinforcing ability is the surface activity due to the prevalence of
chemical functional groups on the exterior of the particles. This is controlled by
many factors, but the most important is probably the preparation method used
to produce the carbon black.
Silica
The other common reinforcing filler is silica, which when first used in the 1950s2
did not give the range of improvements in properties provided by carbon black. It
was not until the development of the “Green-Tire” concept at Michelin13 in the
1990s, using a silane coupling agent like bis[3-triethoxysilylpropyl]tetrasulfide14
(TESPT or Si69, Figure 2.3a) from Degussa, now Evonik, that silica-filled rubber
became widely used. It was found to be particularly useful in tyre-tread compounds
because it lowered the rolling resistance and increased the wet grip compared to
black-filled compounds. Silane coupling agents act via two main mechanisms:15
firstly by giving the silica a hydrophobic coating that disrupts the inter-particle
hydrogen bonding, causing the silica agglomerates to break up and disperse in the
rubber; secondly by covalently bonding the silica particles to the rubber network,
greatly increasing the rubber-filler interaction.
Using TESPT with a silica-filled rubber requires a chemical reaction of the
silane with the silica in situ during mixing. This is followed by a reaction with
the rubber during vulcanisation, resulting in a chemical bond between rubber
and filler. To achieve this requires the mixing temperature to be sufficiently high
that the silane-silica reaction progresses rapidly, while not reaching temperatures
that will cause the tetrasulfide functionality to break apart and react with the
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Figure 2.3: Molecular structures of silane coupling agents: a) TESPT; b) OTPTS;
c) MPDES
rubber network. It is also necessary to put in enough energy to disperse the silica
agglomerates without using such high forces that the agglomerates are compacted
together and become harder to disperse. The standard method of resolving these
issues is to perform two non-productive mix stages prior to finalisation, as this
allows more mixing without reaching excessive temperatures. However, this has
the drawbacks of increasing the amount of time and energy required to produce
the compound.
In recent years a “second generation” of silane coupling agents has been
developed, with various claimed advantages over TESPT. One such coupling agent
is 3-octanoylthio-1-propyltriethoxysilane (OTPTS or NXT Silane, Figure 2.3b),
which is reported to have greater thermal stability than TESPT. This is achieved
by using a blocked thiol functionality, in this case a thioester, that thermally
degrades to a reactive unit more slowly than does the polysulfide group in TESPT.
This allows an extended one-stage internal mixing step to be used rather than
splitting it into two internal mixing stages.16 The same feature is also reported
to give improved scorch safety with OTPTS over TESPT.17 OTPTS has been
commercialised, first by GE Silicones and currently by Momentive Performance
Materials, along with derived silane coupling agents18 with additional advantages
such as decreased release of volatile compounds during mixing.
A second recently developed silane coupling agent is 3-mercaptopropyl di(1-
tridecanoxypenta(ethylene oxide))ethoxysilane (MPDES or VP Si363, Figure
2.3c), produced by Evonik.19 This takes a different approach by using a highly
reactive unblocked thiol that is sterically hindered from reacting by the presence
of two long-chain substituents on the silane atom. These long chains substituents
also contain oxygen atoms that can hydrogen bond with silanol groups on the
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Figure 2.4: Molecular structures of some synthetic rubbers
silica surface, thus increasing the hydrophobicity of the silica. MPDES is claimed
to improve rolling resistance compared to TESPT while balancing the other tyre
properties, and also results in lower volatile organic compound emissions during
mixing.
2.2.4 Synthetic Rubbers
Synthetic rubbers20 are not simply competitors to NR, but are also valuable
complements with both comparative advantages and disadvantages. In 2010 the
total production of synthetic rubber was 14.2 million tons, compared to 10.4
million tons of NR,21 although NR was the most common specific rubber. The
first synthetic rubbers were developed in the period following World War I, but
they did not find widespread acceptance until World War II when the supply of
NR was greatly restricted. Around this time NR was also recognised as being
unsuitable for many applications: for example, those requiring oil resistance.
The first commercially successful synthetic rubber was chloroprene rubber,
also called CR or Neoprene, which was developed by DuPont and released in 1931
under the name of Duprene. This was soon followed by styrene-butadiene rubber
(SBR, also called Buna S) in 1933, and acrylonitrile butadiene rubber (NBR, also
called nitrile rubber or Buna N) in 1934. There is now a wide range of synthetic
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rubbers available (Figure 2.4), some of the most common being SBR, NBR,
IR, isobutylene-isoprene rubber (butyl rubber or IIR), ethylene-propylene-diene
monomer rubber (EPDM), butadiene rubber (BR) and hydrogenated nitrile rubber
(HNBR). A final elastomer worth mentioning is epoxidised natural rubber (ENR),
which falls somewhere between natural and synthetic rubbers. It is produced from
NR latex by epoxidising some of the double bonds. The most commonly used
forms are ENR-25 and ENR-50, in which 25% and 50% respectively of the double
bonds have been epoxidised. Each of these synthetic rubbers have characteristics
that make them especially suitable for some specific applications. For example,
NBR has very high oil resistance, while IIR has low gas permeability.
2.3 Physical Properties of Rubbers
Rubbers are such important materials for engineering applications because of
their unusual combination of physical properties. They can store large amounts
of elastic energy, can withstand very high strains, are virtually incompressible,
and have inherent damping capabilities. Furthermore, using reinforcing fillers will
alter the mechanical properties of the rubber in ways that can make it even more
useful for many applications.
2.3.1 Static Mechanical Properties
The static mechanical properties of a rubber are those that neglect viscoelastic
aspects of rubbery materials, such as tensile strength (TS), tear strength, hardness
and elastic modulus. Many of these properties are actually measured quasi-
statically for convenience, meaning that viscoelastic effects may have a small
influence on the measurements.
Tensile Strength
The TS of an unfilled rubber vulcanisate can vary widely, and is very dependent
on whether or not the rubber in question undergoes strain crystallisation, which
is only observed in NR and a few synthetic rubbers. For example, the TS of
unfilled NR is 25-30MPa, while unfilled SBR, which does not strain crystallise,
has a TS of only 2-3MPa. However, it is possible to dramatically increase the
strength of non-strain crystallising rubbers by adding a reinforcing filler such as
carbon black, which for SBR can produce a TS of above 25MPa. The effect of
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reinforcing fillers on the strength of strain crystallising rubbers like NR is small
in comparison.
Elastic Modulus
Arguably the most important mechanical property of a rubber vulcanisate is
the elastic modulus, which is commonly measured either in tension or in shear.
The shear modulus (G) of an unfilled rubber is generally constant for strains up to
at least 200%, due to the constant geometry of the testpiece. For measurements of
tensile modulus (E) the cross-section of the testpiece will decrease as the rubber
is strained, so the nominal modulus will be less than the true modulus. The
modulus will increase with the addition of a reinforcing filler, dependent on the
type and quantity of filler. This effect declines when the material is strained as
filler-filler and rubber-filler interactions are disrupted, which can lead to further
departures from linear elastic behaviour.
At high strains the modulus of a rubber vulcanisate increases markedly, due
to a combination of two effects: finite extensibility of the polymers, as the slack
in the network is taken out; and strain crystallisation. These mechanisms operate
at a reduced strain in filled rubbers, due to strain amplification:22 because the
filler has a much greater modulus than the matrix, all the strain comes from
extension of the rubber. Furthermore, rubber close to a filler particle will be
constrained, meaning that the rubber further away has to undergo even higher
strains to compensate. This will cause some regions of the vulcanisate to suffer
from finite extensibility and strain crystallisation at a much lower nominal strain
than for unfilled rubber.
When a rubber vulcanisate is strained and then released, the stress-strain
curve for retraction will not follow the extension curve. This phenomenon is known
as hysteresis, and is related to the dissipation of energy due to viscous processes
in the rubber. The amount of hysteresis is relatively small in vulcanisates that
are unfilled or contain a non-reinforcing filler, and much larger in vulcanisates
containing a reinforcing filler (Figure 2.5). This is because the rubber-filler
interactions involve a lot of viscous processes, such as slippage of the elastomer
chains over the surface of the filler particles.
Figure 2.5 also illustrates another important aspect of the stress-strain be-
haviour of rubber: stress softening, also known as the Mullins effect.24 A rubber
test piece that is strained, released then re-strained will show a reduction in
stress for a given extension, hence stress softening. This is only true up to the
maximum strain previously achieved, above which point the stress-strain curve is
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  Figure 2.5: Stress softening behaviour of vulcanisate containing reinforcing carbon
black (upper) and non-reinforcing carbon black (lower). Hysteresis loops shown
are after 1 cycle (dashed line) and 10 cycles (solid line). Taken from Lindley
et al. 23
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approximately the same as it would have been had the initial extension continued.
The Mullins effect is particularly important in filled rubbers, because the filler-
filler networking that contributes to the reinforcing effect of the filler is broken
down under strain. However, some strain softening is observed even with unfilled
rubbers.
Hardness
The hardness of an elastomer is a reflection of its small-strain elastic modulus
(Figure 2.6). This contrasts with metals and other ductile materials, where it
is a measure of the yield strength. It is measured using a rounded indenter
pressed into the rubber surface, and is normally recorded in International Rubber
Hardness Degrees (IRHD). H, the hardness of a rubber vulcanisate in IRHD is
mathematically related to G for the same material by the following relationship:25
H = (100/pi0.5)
∫ log10G/G50
−∞
exp(−x2) dx (2.1)
where G50 is the shear modulus corresponding to a hardness of 50IRHD. This
function is very similar to the much simpler expression suggested by Tangorra 26
 
  Figure 2.6: Relationship between hardness and shear modulus at 2% strain. Taken
from Lindley et al. 23
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as more useful for practical purposes:
H = 100
G/G50
1 +G/G50
(2.2)
This differs from Equation 2.1 by less than 0.25 IRHD over the range 20 to
80 IRHD. For filled rubbers in which G varies with strain, the hardness gives an
estimate of modulus that is approximately valid only for the average indentation
depth for the material. Because this will vary depending on the type and amount
of filler, it is generally preferred to determine G directly rather than from hardness
measurements.
Permanent Set
Set is a measure of a vulcanisate’s elastic recovery from a deformation.23 It
is normally measured either in tension or compression, with the sample being
deformed by a known amount for a fixed time at a specified temperature. When
the load is removed, a completely elastic sample will return to its original shape
(0% set), while a fully plastic one will not recover at all (100% set). The amount
of set observed for a vulcanisate will depend on a number of factors. One is
the cure system used, with conventional cure systems producing more set than
EV systems or peroxide-based systems. Increasing the amount of filler in the
rubber will also increase the amount of set observed. Another important factor
is temperature, as high temperatures will promote oxidative degradation of the
rubber, causing it to lose elasticity. High temperatures will also increase the rate
of crosslink scission and formation, leading to new crosslinks being formed in the
deformed position that will oppose the return of the testpiece to its orignal shape
when the load is removed.
Tear Strength
The most common mode of failure for rubber components is the propagation
of a crack through the material under continuous or repeated stress. The study
of this behaviour is known as “Fracture Mechanics”, and was first applied to
elastomers by Rivlin and Thomas.27 The tear strength of a rubber vulcanisate,
which can be measured in a number of ways, is a measure of the vulcanisate’s
ability to resist rapid crack propagation. It can be greatly increased by the
addition of fillers, although this is only observed at certain combinations of
temperatures and tearing rates.28 When the tear strength is increased, the nature
of the tearing also changes from “smooth” tearing, producing a smooth tear
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surface, to “knotty” or “stick-slip” tearing, which gives a rough irregular surface.
The difference in tear strength is due to two changes in the energy required for
the crack to grow. Firstly, filler particles increase the effective diameter of the
crack tip due to their much greater strength as compared to the rubber matrix:
the stress at the crack tip is spread over the filler particle. The second mechanism
is that fillers increase the amount of energy that is irreversibly dissipated in a
sample, which means that more energy is required to tear the rubber.
2.3.2 Dynamic Mechanical Properties
While a layman might consider rubber to be completely elastic, its mechanical
properties also display a measurable rate-dependent contribution during defor-
mation. This means that it is more accurate to instead consider rubber as a
viscoelastic material.29 When rubber is subjected to a constantly changing defor-
mation, for example a sinusoidal shear oscillation, the deformation consistently
lags behind the force (Figure 2.7). The dynamic shear modulus of the rubber
(G∗) is defined as the maximum shear stress (τ0) reached in the cycle divided
by the maximum shear strain (γ0). G
∗ can be considered as a function of two
moduli: the shear storage modulus (G′), describing the in-phase elastic response;
and the shear loss modulus (G′′), describing the out-of-phase viscous response.
 
Figure 2.7: Response of a linear viscoelastic material to an imposed sinusoidal
shear strain. τ0 is the maximum shear stress, τ
′
0 and τ
′′
0 are the in-phase and out
of phase components of the shear stress, γ0 is the maximum shear strain, and δ
is the displacement in the phase between stress and strain. Taken from Lindley
et al. 23
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The relationship is given in complex notation in equation 2.3:
G∗ = G′ + iG′′ (2.3)
The phase difference between the stress and the strain is known as the loss angle
(δ). The loss tangent (tan δ) is related to the storage and loss moduli by equation
2.4:
tan δ = G′′/G′ (2.4)
δ can be shown to be related to ζ, the fraction of critical damping for damped
harmonic oscillations at the natural frequency, by equation 2.5:
ζ = 0.5 tan δ (2.5)
This means that under the small angle approximation the amount of damping in
a system is proportional to δ.
As well as depending on the composition of the material, the values of G′, G′′
and δ all vary significantly with both temperature and frequency. In particular,
there are profound variations in the values seen at phase changes. The most
relevant phase change for NR and synthetic rubbers is that seen between a glassy
solid and a rubbery solid, which occurs at the glass transition temperature (Tg).
Below Tg the material acts like a glassy solid, with a very high modulus, whilst
above it the material becomes viscoelastic in nature and has a much reduced
modulus. Tan δ will peak at Tg for a force with a frequency approaching zero.
As the frequency of the applied force increases, the peak in tan δ is found further
and further above Tg. This is because just above Tg the polymer chains are still
not very mobile, and cannot respond rapidly to a changing force.
Addition of a reinforcing filler can have a major impact on the dynamic
properties of a rubber vulcanisate: For example, G∗ can be greatly increased
at very low strain amplitudes. This is due to a combination of hydrodynamic
effects (due to the addition of rigid filler particles into the deformable rubber
matrix), structural effects (rubber being shielded or “occluded” by filler parti-
cles, for example by being trapped inside a filler agglomerate), and interactions
between filler particles. As strain amplitude increases the amount of filler-filler
interaction will diminish, typically becoming negligible by approximately 20%
strain amplitude. This is usually called the Payne effect,30 although this type of
behaviour was first reported by Fletcher and Gent,31 and shows many similarities
to the Mullins effect. The magnitude of the Payne effect displayed by a rubber
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composite is strongly influenced by the type and quantity of filler it contains,
as this will affect the initial amount of filler-filler interaction it displays. When
the strain amplitude is increased, the filler-filler interaction does not decrease
instantly. Instead the initial dynamic modulus will gradually decrease as some
of the filler-filler interaction is broken down as the rubber is repeatedly cycled.
Eventually a steady state value of dynamic modulus is reached for this strain
amplitude, and strain ampitude must be increased to break down any more
filler-filler interaction. Similarly, the Mullins effect,24 as described above, will
cause the dynamic modulus to decrease significantly from the first cycle to the
second. Over further cycles, the modulus will decrease more and more slowly
towards an asymptotic value. The process of repeatedly straining the rubber to
reach the steady-state value of dynamic modulus is known as scragging.
Fillers will also affect the damping behaviour of the rubber, mainly by causing
a significant broadening of the tan δ peak seen around the glass transition tem-
perature. This results in the high damping seen in this region being found over a
potentially much wider range of temperatures and frequencies. It has also been
argued that increasing the filler content (or, more accurately, the filler surface
area) shifts the peak in tan δ to a higher temperature.32 This occurs as the elastic
behaviour is reduced both by filler networking effects and by the volume of filler
present. However, it has been argued more recently that this effect is smaller
than was believed, and that there is at best a modest increase in Tg with filler
volume fraction.
2.4 Modelling of Filler Effects in Rubber
To understand how fillers have a reinforcing effect on elastomers, it is necessary
to try to understand their behaviour on a microscopic level. It is important to
remember is that the relevant figure is not the weight of filler in parts per hundred
parts of rubber (phr), as is generally used by rubber technologist, but rather the
concentration of the particles in the composite. This is normally given as φ, the
volume fraction, where, for example, φ = 0.1 means that 10% of the volume of
the composite is made up of filler particles.
2.4.1 Guth-Gold Model
Considerations of the effects of fillers on the stiffness of rubbers generally
begin with the analogous situation of a dilute suspension of spherical particles in
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a liquid. The Einstein equation for the viscosity of such a suspension33 is:
η = η0(1 + 2.5c) (2.6)
where η and η0 are the viscosities of the suspension and the liquid respectively
and c is the volume concentration of particles. It was reported by Guth and
Gold 34 that when interactions between filler particles are considered then the
relationship becomes:
η = η0(1 + 2.5c+ 14.1c
2) (2.7)
Smallwood 35 demonstrated that a relationship analogous to equation 2.6, with
viscosity replaced by shear modulus (G), modelled filler reinforcement of rubber
at low concentrations of filler. This was extended by Guth 36 to give equation 2.8:
E = E0 (1 + 2.5φ+ 14.1φ
2) (2.8)
This relationship was shown by Guth to hold for volume fractions of non-reinforcing
carbon black of up to φ = 0.3. It was less effective with more reinforcing carbon
black, because the particles collected together to form elongated chains. For these
agglomerated particles a different relationship was proposed, which would take
into account the shaped nature of the agglomerates:
E = E0 (1 + 0.67fφ+ 1.62f
2φ2) (2.9)
where f is the shape factor, given as the ratio of the average length to width of an
agglomerate. This will be referred to hereafter as the modified Guth-Gold (mGG)
model. It is apparent from a cursory comparison of Equations 2.8 and 2.9 that
these two models will predict substantially different moduli for most composites.
2.4.2 Krieger-Dougherty Model
Another model derived from the Einstein equation that could potentially be
used to estimate filler reinforcement of rubber is that of Krieger and Dougherty.37
While it was originally devised for modelling the viscosity of a suspension, as
with the Guth-Gold model it seems reasonable to conceptually link this behaviour
with that of a filled elastomer.
The Krieger-Dougherty (KD) model for suspension viscosity is formulated
using an iterative approach, by considering the effect of adding another particle
into a fluid already containing a number of particles. It is derived from the
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differential form of the Einstein equation (Equation 2.6) for a dilute suspension
of spherical particles:
dη = 2.5η dφ (2.10)
where dη is the incremental change in viscosity when the volume fraction is
changed by an amount dφ. However, this equation does not take into account
that concentrated suspensions face difficulties in accommodating the additional
particles, with the neighbouring particles required to move out of the way to
allow in the new particle. To account for this “crowding” effect the differential
equation is rewritten in the following form:
dη =
2.5φ
1−Kφ dφ (2.11)
where K is a constant that depends on the packing of the particles. The viscosity
of the suspension is found by integrating this equation between volume fractions
of 0 and φ, when the viscosity is defined as η0 and η respectively, giving:
η = η0 (1−Kφ)−2.5/K (2.12)
It can be seen that the predicted viscosity of the suspension becomes infinite
when φ = 1/K. This implies that 1/K is equivalent to φm, the maximum volume
fraction that can be packed into the suspension. This means that the previous
expression can be rewritten as:
η = η0 (1− φ/φm)−2.5φm (2.13)
which is the KD equation for suspensions of spherical particles.
Krieger and Dougherty also considered a more general case in which the
suspended particles can have any shape, rather than the spherical particles
assumed above. In this case the 2.5 term is replaced by [η], the intrinsic viscosity,
defined as:
[η] = lim
φ→0
η − 1
φ
(2.14)
This gives equation 2.15, the general form of the KD equation:
η = η0 (1− φ/φm)−[η]φm (2.15)
There have been a number of attempts to apply the KD model to suspensions
of both spherical and non-spherical particles. These involved fitting experimental
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measurements of viscosity for different values of φ to the equation to establish the
best values of [η] and φm. The results are summarised by Barnes et al.,
38 with
suspensions of spherical particles showing values of [η] of between 2.7 and 3.3,
slightly higher than predicted, and values of φm between 0.61 and 0.71. Barnes et
al. report that increasing particle asymmetry causes increases in [η] and decreases
in φm. This means that the viscosity is much higher for highly shaped fillers for a
given value of φ. This reference also gives empirical relationships between f and
[η]. For disc-shaped particles, this is given by
[η] = 0.3 f (2.16)
while for rods the proposed relationship is
[η] = 0.07 f 5/3 (2.17)
However, these relationships do not fit well with the values estimated from other
experimental measurements given by Barnes et al., so their usefulness is somewhat
dubious. Unfortunately, the original source data used to generate the empirical
relationships given above is unpublished, so it is impossible to know the original
values that were used to estimate the relationships.
Another set of formulae relating [η] and f , proposed by Simha,39 are given as
follows:
Discs: [η] ≈ 16
15
f
tan−1 f
(2.18)
Rods: [η] ≈ f
2
15(ln(2f)− 1.5) +
f 2
5(ln(2f)− 0.5) +
14
15
(2.19)
These were calculated from first principles rather than determined empirically,
but have been shown to fit reasonably well with experimental measurements of
suspension viscosity.
Converting the general KD model for suspension viscosity into a form suitable
for modelling filled elastomers gives the following equation:
E = E0 (1− φ/φm)−[η]φm (2.20)
There are very few examples of this model having actually been applied to
elastomers. One example was reported in a conference presentation by Tinker,40
where the validity of the model was assumed for carbon black-filled rubbers in
order to calculate the effective volume fraction of filler from the modulus of
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the rubber. The first published example of the KD model being used for filled
elastomers is from Gent et al.,41 but while the authors discuss the model, they
do not attempt to critically apply it to experimental data to establish how it
compares to other micromechanical models of filler reinforcement. More recently,
Ahmadi and Muhr 42 have used this model as part of an attempt to model all the
contributions to the stress-strain behaviour of filled rubber.
2.4.3 Halpin-Tsai Model
The Halpin-Tsai (HT) model was formulated by the eponymous authors43,44
to predict the Young’s modulus of composites consisting of a polymeric matrix
containing filler particles with high shape factors. While originally conceived
for composites composed of fibres within a matrix, it can also be used to model
the effect of lamellar inclusions, making it suitable for both NR/OSEP and
NR/OMMT nanocomposites. The HT model is based on the equation
E
E0
=
1 + 2fφ
1− φ (2.21)
where E, E0, f and φ are as defined previously, and  is given by
 =
(Ef/E0)− 1
(Ef/E0) + 2f
(2.22)
where Ef is the Young’s modulus of the filler in the direction of extension.
The standard HT model can be further refined by accounting for the effects
of packing of filler particles within the matrix.45 This was potentially important
in this case because highly shaped particles have a lower maximum volumetric
packing threshold; in other words, the amount of filler that can be added before
the particles are jammed against each other and are unable to move is much
smaller for highly shaped particles. This is accounted for by adjusting Equation
2.21 to include a term ψ to account for the volumetric packing of the filler particles
to give
E
E0
=
1 + 2fφ
1− ψφ (2.23)
where ψ is given by
ψ = 1 + φ (1− φm)/φm2 (2.24)
where φm is the maximum packing fraction of filler that can be contained within
the rubber. In viscosity terms, it is the point at which the suspension would no
longer flow because of the interactions between particles.
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2.4.4 Hui-Shia Model
The Hui-Shia (HS) model46 was devised to predict the Young’s moduli of
composites consisting of either rod-like or plate-like particles aligned in a matrix.
The equations that comprise the model are not exactly the same for the two
types of particle. Part of this comes from the way the authors consider the
shape factor of the particles. They define a parameter α that is the ratio of
the axial length of the particle to its diameter, meaning that for rods α > 1,
while for discs α < 1. This differs from the other models which just consider
the ratio of the long and short axes of the particles, making f ≥ 1 by definition.
The other difference comes from the definition of axes used by the authors, so
extension in the direction of orientation of rod-like particles uses the longitudinal
tensile modulus, while plate-like fillers are orientated to consider transverse tensile
modulus. The differences between the two expressions can be seen by comparing
Equation 2.25, for the longitudinal modulus, with Equation 2.26 for the transverse
modulus.
E
E0
=
1
1− φ
4
[
1
ξ
+
3
ξ + Λ
] (2.25)
E
E0
=
1
1− φ
ξ
(2.26)
For both equations ξ is given by
ξ = φ+
E0
Ef − E0 + 3(1− φ)
[
(1− g)α2 − (g/2)
α2 − 1
]
(2.27)
while Λ in Equation 2.25 is given by
Λ = (1− φ)
[
3(α2 + 0.25)g − 2α2
α2 − 1
]
(2.28)
Note that in both cases α is, as mentioned above, the particles’ length over
diameter. This means that for discs α = 1/f , while for rods α = f . The two
particles types also differ in g, the geometrical constant:
Discs g =
α
(1− α2)1.5
[−α(1− α2)0.5 + cos−1 α] (2.29)
Rods g =
α
(α2 − 1)1.5
[
α(α2 − 1)0.5 − cosh−1 α] (2.30)
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2.5 Clays
2.5.1 Clay Minerals
Clays47 are a class of minerals which are comprised of one layer consisting
of octahedrally-coordinated metal ions, and either one or two layers of silicate
tetrahedra (giving 1:1 type and 2:1 type clays respectively), arranged in corner-
sharing 2D sheets. The layers are linked by the apical oxygen in the tetrahedra
coordinating to the metal ion. The tetrahedral layer has a negative charge due to
the excess oxygen atoms, which may be further increased by the replacement of
some of the silicon atoms with aluminium. This negative charge is balanced by
the charge of the metal cations residing in the octahedral layer. However, this
balancing is usually incomplete, leading to a net electrical charge on the sheet.
To maintain electrical neutrality, further metal cations lie in the spaces between
the clay sheets. It is these interlayer cations (typically an alkali metal ion, such as
sodium, or an alkaline earth metal ion, such as magnesium) that are exchanged
during the creation of organoclays.
2.5.2 Montmorillonite
The clay mineral that is most commonly modified into an organoclay is
montmorillonite, because it is both relatively abundant and straightforward to
organo-modify. Montmorillonite is a 2:1 clay, meaning each sheet consists of
two tetrahedral layers sandwiching the octahedral layer (Figure 2.8) and has the
empirical chemical formula (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O. The sheets
can be anywhere between 30 and 2000nm in diameter and approximately 1nm in
thickness. The presence of water molecules intercalated between the clay sheets
means that the actual interlayer spacing is slightly larger than the thickness of
an individual sheet; normally about 1.2-1.3nm.
Two forms of montmorillonite are found in nature: calcium montmorillonite
and sodium montmorillonite. The two are distinguished by their respective inter-
layer cations, with sodium montmorillonite used for the synthesis of organoclays
because of its higher capacity for cation exchange. Montmorillonite is sometimes
conflated with bentonite, as bentonite is composed predominantly (>85%) of
montmorillonite, with the remainder consisting of other clay minerals. The chem-
ical structure of montmorillonite is such that silanol groups, required for reaction
with silane coupling agents, should only occur around the edges of the clay sheets,
which would limit the potential for reaction between the two. However, there will
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The most commonly used layered silicates are montmorillonite, hectorite and
saponite. Details on the structure and chemistry for these layered silicates are pro-
vided in Schematic 1 and Table 1. All of these silicates are characterized by a large
active surface area (700 – 800 m
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/g in the case of montmorillonite), a moderate
negative surface charge (cation exchange capacity) (CEC) and layer morphology,
and are regarded as hydrophobic colloids of the constant-charge type. The layer
charge indicated by the chemical formula is only to be regarded as an average over
the whole crystal because the charge varies from layer to layer (within certain
bounds). Only a small proportion of the charge balancing cations are located at
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Schematic 1. The structure of 2:1 layered silicates. M is a monovalent charge compensating
cation in the interlayer and x is thedegree of isomorphous substitution, which for the sili-
cates of interest is between 0.5 and 1.3. The degree of isomorphous substitution is also ex-
pressed as a cation exchange capacity (CEC) and is measured in milli-equivalents/g.
Figure 2.8: Structure of a 2:1 type clay, such as montmorillonite. Taken from
Gianellis 48
probably be defects in the silicate structure that result in silanol groups occurring
on the faces of montmorillonite particles as well.
2.5.3 Sepiolite
Another clay mineral which is capable of organo-modification is sepiolite,49
which has the empirical chemical formula Mg8Si12O30(OH)4(H2O)4·8H2O. Sepiolite
has a rather unusual structure for a clay (Figure 2.9), because rather than
consisting of continuous 2D silicate sheets, the sheets are continuous in one
direction only. In the other direction, the sheets have a fixed length (1.34nm)
and share each of their edges with a different neighbouring sheet, producing a
’checkerboard’ type pattern. Because the sheets are covalently bonded to each
other they cannot be exfoliated, unlike platy clays like montmorillonite. Sepiolite
particles are also distinctly different in shape, being acicular (needle-like) in form
with typical dimensions of 200-2000nm in length, 10-30nm in width and 5-10nm
in thickness. They also have a large number of silanol groups on the surface of
each particle50 that are potentially available for reaction with a coupling agent.
The checkerboard structure of sepiolite particles when viewed end-on means
that there are also zeolitic channels present that run along the length of the
long axis of the particles. The accessibility of these channels was studied by
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Figure 2.9: Structure of sepiolite. Taken from U. S. Geological Survey Open-File
Report 01-041.51
Ruiz-Hitzky,52 who demonstrated that methylene blue, a cationic organic species
often used as a dye, was capable of being absorbed into them. It was also shown
that if sepiolite was left in an aqueous solution of poly(ethylene oxide) for a week,
the polymer molecules would be adsorbed into the zeolitic channels and block
them; this was confirmed by gas adsorption measurements that showed that the
nitrogen surface area of the clay was reduced by 63%. This suggests that other
polymers could infiltrate into these channels if sepiolite is mixed into them.
2.5.4 Organoclays
Organically-modified clays, or organoclays, were originally developed in the
1940s,53 but they were not seriously investigated until it was discovered that
they could be compounded with polymers to improve their physical properties.54
Clay had been used as a filler for rubber for many years, even though it is not
reinforcing. This is because the clay sheets interact very strongly with each
other and very weakly with the polymer, causing the clay to form agglomerations
within the polymer. Organoclays, by contrast, interact much better with the
matrix, and could be exfoliated in the rubber to give a much larger surface area.
Organo-montmorillonite (OMMT) is by far the commonest organoclay, although
the use of other platy clays, such as saponite55 and fluorohectorite,56 has also
been reported in the literature. Organo-sepiolite (OSEP) is uncommon, though
commercially available, and has so far been used only infrequently in an RCN. A
good review looking at all the clay minerals used to produce organoclays, along
with the different modifying agents and modifying techniques used, is provided
by de Paiva et al. 57
49
D. J. Lowe, July 2012 Chapter 2. Literature Review
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Figure 2.10: Organic modifiers for organoclays
The original process to convert clays into organoclays is straightforward58
and was adapted into a variety of very similar techniques by research groups
producing their own organoclays, although most research now involves the use
of commercial organoclays. The general technique involves heating an aqueous
dispersion of a suitable clay, and adding a solution of the organic ion over a period
of time. The organoclay formed is hydrophobic and forms a insoluble precipitate
in the water. The precipitated organoclay is filtered, washed and dried to give
the final product.
The organic ions used are normally based on quaternary ammonium salts. As
the purpose of modifying the clays is to increase the exfoliation within a polymer,
the ammonium salts are typically bulky on one face whilst being less sterically
hindered on the opposing face. This allows the positively-charged ammonium ion
to interact strongly with the negatively charged silicate sheet on one side whilst
the other face is pushing the neighbouring clay sheet further away. This decreases
the interfacial attraction between adjacent clay sheets, so less energy is required
to achieve exfoliation.
The most commonly used organic modifier is distearyldimethyl ammonium
(DDA), with benzylstearyldimethyl ammonium (BSDA) also popular (Figure
2.10). As well as the modifying agent used, the amount of modifier introduced
also affects the properties of the organoclay. This can be controlled by restricting
the amount of modifying agent added during preparation of the organoclay, but
it is also limited by the cation exchange capacity (CEC) of the clay. The CEC is
determined by the net negative charge on the clay sheets, and so there is some
natural variation between samples of the same clay depending on the source
of the material. More significantly, there is a large difference in CEC between
clay minerals due to differences in their empirical formulae. Montmorillonite, for
example, has a CEC of 80-150 mole equivalents per 100 grams, while sepiolite
has a CEC of only 10-15 mole equivalents per 100 grams.
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2.6 Polymer/Clay Nanocomposites
Polymer/clay nanocomposites (PCNs) were first developed in the early 1990s,
with the first published report being of a poly(ethylene oxide)/unmodified clay
nanocomposite produced by Aranda and Ruiz-Hitzky.59 This utilised a solution
blending method, in which the polymer and the clay are dissolved in the same
solvent (in this instance water) followed by removal of the solvent to deposit
the PCN containing intercalated clay. PCNs containing montmorillonite and
hectorite were produced by this method. No mention was made of the PCN’s
mechanical properties, although improvements in chemical and thermal properties
were described.
The first reported use of organoclays to create a PCN came from Usuki et
al.,58 who found that montmorillonite made organophilic by ion exchange with
12-aminododecanoic acid would swell in e-caprolactam. The caprolactam could
then undergo ring opening polymerisation to produce nylon 6 containing nano-
scale particles of intercalated OMMT.60 This PCN, with a clay content of 2%,
showed major improvements over nylon 6 alone: a 50% increase in TS, a halving
of gas permeability, and an increase in heat distortion temperature from 65◦C to
140◦C.54
Use of solution blending to produce PCNs was quite limited following these
initial successes. This was due to the difficulty of finding both a suitable solvent
which could swell into the organoclay, and a polymer that had greater affinity
for absorption onto the clay surface than did the solvent molecules, allowing the
solvent to be displaced. Not until Ogata et al. 61 was another combination found
that could produce a PCN, using poly(l -lactide) and chloroform as the polymer
and solvent, and with OMMT again used as the filler.
Early attempts to directly mix organoclay into a molten polymer proved
much more successful. Vaia et al. 62 reported using this method to create PCNs
from polymers with a wide range of polarities and crystallinities: specifically
poly(ethylene oxide), poly(dimethylsiloxane), poly(vinylidene fluoride), poly(e-
caprolactone) and polystyrene (PS). This demonstrated that melt compounding,
unlike solution blending, was a generally applicable compounding method, and
it has since become the dominant, though not exclusive, technique for creating
PCNs.
Since then much work has been done using many other types of polymers, such
as polypropylene or epoxy resins. Characteristics including mechanical properties,
fire retardancy, gas permeability and crystallisation behaviour have been studied
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in great detail. For further information about PCNs see Alexandre and Dubois,63
Ray et al.,64 Mai and Yu,65 and Chen et al. 66
As well as the platy fillers such as montmorillonite, there has also been research
interest in sepiolite as a filler for PCNs. This has included polymeric matrices
such as epoxy,67 nylon 6,68 and poly(propylene),69–71 as well as a number of
different types of functionalised poly(propylene).71 The addition of sepiolite has
generally resulted in improvements in mechanical properties, such as increased
modulus and yield stress. It was also estimated by Bilotti et al. 70 that only 5-10%
of sepiolite was required to reach the percolation threshold (when particles are in
contact with each other and so cannot move freely). This implies that rubber
vulcanisates containing sepiolite would show a rapid increase in modulus with
clay content, as the relatively low elastic modulus of elastomers makes the effects
of interactions between filler particles more significant.
2.7 Rubber/Clay Nanocomposites
The field of rubber/clay nanocomposites (RCNs) contains a multitude of
variations. As well as the different organoclays and rubbers discussed earlier, there
are many different elastomers available; different volume fractions of organoclay
can be used; and different mixing and curing procedures can be used. Although
the project itself will be predominantly concerned with NR, many areas have been
more extensively studied in other rubbers. Even if some details do not translate
exactly, many trends are widely applicable and will provide information on the
expected behaviour of NR/organoclay nanocomposites.
2.7.1 Compounding Methods for RCNs
There are three main methods of producing rubber/clay nanocomposites
reported in the literature: latex compounding, solution blending and melt com-
pounding.
Latex Compounding
Latex is an emulsion of microscopic rubber particles in a liquid, of which the
commonest type is NR latex. This is the form in which NR is produced, as a
sap from the rubber tree. Although NR latex is the “traditional” form, synthetic
rubbers can be produced as a latex; however, solutions of synthetic rubber in
organic solvents are more common. Latex compounding of RCNs involves mixing
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rubber latex with clay pre-dispersed in water, with ultrasound often used to
improve the exfoliation of the clay. Because the clay needs to be hydrophilic to
disperse in water, unmodified clay must be used for producing nanocomposites by
this method. Once the clay has been dispersed in the latex, the nanocomposite
can be formed either by coagulating the mixture, for example by adding acid, or
by casting a latex sheet and allowing the water to evaporate.
Two of the earliest papers to look at RCNs72,73 used latex compounding with
SBR, and it has since been used with NBR,74 CR,75 polyurethane,76 carboxylated
NBR77 (XNBR) and carboxylated SBR78 (XSBR). However, NR is the most
common latex material used to produce nanocomposites with many papers on
the subject, including Varghese and Karger-Kocsis 79 , Kawahara et al. 80 , and
Valadares et al. 81
Perhaps the most interesting report on latex-compounded nanocomposites is
that produced by Wu et al.,82 which compares nanocomposites produced from NR,
SBR, NBR and XNBR latices. It describes the nanocomposites as being partially
exfoliated but not intercalated, with the clay being well dispersed in the rubber
in all cases. The mechanical properties of the latex-derived nanocomposites,
such as TS or tear strength, were also greatly improved in comparison to melt
compounded microcomposites with identical compositions.
Solution Blending
Another technique used to produce RCNs is solution blending. This is similar
to latex compounding, relying on the ability to dissolve both rubber and organoclay
in the same solvent. Solution blending was first used early on in the study of
RCNs,73 and has become an important and widely-used technique. It is possible
to achieve high levels of organoclay exfoliation if the solvent-clay interaction is
sufficiently strong. When the solvent is removed, the clay sheets cannot flocculate
together due to the presence of the rubber chains between the sheets, producing
a well-exfoliated RCN.
One advantage of solution blending over latex compounding is the greater
affinity of the organoclay with the rubber, compared to the hydrophilic unmodified
clay. Another advantage is the wide range of rubbers that can be used, including
the commonest ones such as NR,83,84 IR,85,86 BR,87 SBR,73,87,88 and NBR.89
However, a major disadvantage is the difficulty of removing the solvent, which
would probably make solution blending impractical on a large scale. This is in
contrast to the relative ease of separating water from a coagulated latex.
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Melt Compounding
Melt compounding involves introducing a filler and/or other components into
the rubber whilst it is being softened by application of high shear forces, either
on a two-roll mill or in an internal mixer. This is the most common technique for
mixing rubber compounds, and is a popular method of producing RCNs.8,56,90–94
Even some compounds produced by latex compounding75 or solution blending55,95
also have a melt compounding step, to allow addition of any ingredients that
could not be introduced in solution. The authors of these papers claim that for
RCNs produced this way the exfoliation level of the clay is established during the
solution blending stage, and is unchanged by the melt compounding. A detailed
examination of the effects of melt compounding on the properties of the finished
nanocomposite is given in Scho¨n et al. 96
Comparison of Compounding Methods
It is a matter of debate whether melt compounding or solution blending
produce RCNs with superior physical properties, but it is clear that melt com-
pounding has major advantages from a practical perspective. In particular
removing large volumes of solvent will involve substantial energy requirements if
performed on an industrial scale, and will therefore substantially increase the cost.
Latex compounding does not have the problem of solvent removal, as the rubber
can be separated by coagulating the latex, but melt compounding is frequently
still required to introduce necessary additives. Furthermore, the hydrophilic
unmodified clay required for latex compounding is poorly compatible with the
rubber, meaning that organoclay should be more reinforcing for identical levels of
clay exfoliation. This means that melt compounding is the process most likely to
be used industrially, and so is the technique of choice for most research work.
2.7.2 Rheometry of RCNs
One of the most significant issues reported in the literature about the use of
organoclays in rubber is their accelerating effect on vulcanisation. The length
of time taken for induction, also known as scorch, was dramatically shortened
even by organoclay contents as low as 1 or 2phr. The time required for complete
curing was also noticeably reduced. The other effect of the organoclay on the
rheometry was an increase in the torque rise observed upon vulcanisation. The
exact effects on the timings and on the torque vary depending on the organoclay
and rubber used.
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ﬁed clay and organoclay are reported in Table II. The
1/Q values slightly decreased in the presence of the
unmodiﬁed clay. However, a noticeable increase was
observed when the clay was organically modiﬁed.
These results further supported improved interactions
between the ﬁller and elastomer because of the con-
ﬁnement of the rubber chains within the silicate gal-
leries. However, a slight increase in the degree of
crosslinking was noticed when only the neat octade-
cylamine was added to the NR.
The kinetic parameters of the curing reaction of NR,
NR–octadecylamine, and its NR–clay and NR–or-
ganoclay nanocomposites carried out in a Monsanto
cure meter were determined from eq. (8). The values
of K, n, and m at the different temperatures tested
were calculated through linear multiple regression
analysis of the experimental data, as is graphically
represented in Figure 6. A plot of ln K, versus 1/T (Fig.
7) should give a straight line of slopeEa/R, where Ea
is the activation energy generated during the vulcani-
zation process and R is the gas universal constant. The
complete set of the kinetic parameters, derived from
the rheometric curves, are reported in Table III. The
values of K were in concordance with the conclusions
deduced from the analysis of t97. That is, the cure rate
of the NR decreased as the cure temperature in-
creased, and furthermore, the organoclay behaved as
an effective vulcanizing agent for NR vulcanization,
showing a noticeable increase in K at all of the tem-
peratures tested. As previously mentioned, this vulca-
nizing effect was mainly attributed to the amine groups
coming from the organoﬁlization of the clay. However,
this effect wasmore noticeable when the octadecylamine
was intercalated within the silicate galleries.
However, interestingly, the Ea of the elastomer
slightly decreased in the presence of the clay, with this
effect being more evident in the organoclay nanocom-
posite. These results conﬁrmed that the processing
conditions of NR improved in the presence of the
organoclay because a lower amount of energy was
required to transform the plastic unformed material
into the elastic ﬁnished material. On the basis of these
results, we concluded that the octadecylamine modi-
ﬁed bentonite behaved as an excellent ﬁller for the NR
compounds and improved the cure characteristics of
the NR. That is, the organoclay increased the torque
value, decreased the cure time, and furthermore, gave
rise to a noticeable decrease in the Ea of the vulcani-
zation process. The ability of the model to describe the
vulcanization kinetic of the NR and its nanocompos-
ites is shown in Figure 6, where good agreement be-
tween the experimental and theoretical curves can be
easily observed.
The effect of the unmodiﬁed clay and organically
modiﬁed silicates on the NR vulcanization reaction
were also analyzed by DSC, under both dynamic
Figure 5 Inﬂuence of the clays on the NR rheometer curves at 160°C.
NR–ORGANOCLAY NANOCOMPOSITES 7
Figure 2.11: Effects of additives on rheometry of NR at 160◦C. Taken from
Lo´pez-Manchado et al. 8
One particular system, octadecylamine-modified saponite with NR, was studied
in detail by Lo´pez-Manchado et al. 8 and provides a good example of the general
effects observed. In this work rheometry was performed at 160◦C on compounds
containing either unmodified clay, octadecylamine (a primary amine) or clay
modified with octadecylamine, as well as a unfilled co pound for comparison
purposes. C paring the rheometry curves of the differen formulations (Figure
2.11), it is apparent that the d creased scorch time and faster cure rate are
primarily caused by the amine used to modify the clay. Similarly, the increased
torque rise upon vulcanisation is due in part to the actions of the octadecylamine
itself on vulcanisation leading to a higher crosslink density in the vulcanisate,
with the remainder attributed to the organoclay acting as a reinforcing filler.
It also appears that th octadecylamine is responsible for a significant level of
reversion in the RCN, which is also attributed to its vulcanisation activity.
A similar paper by Choi et al. 97 l oking at NBR/OMMT formulations found
dramatically decreased scorch times compared to unfilled and montmorillonite-
filled materials. However, the cure rate was actually slightly slower for the
compounds containing OMMT. The torque rise upon vulcanisation was almost
identical for the OMMT-filled compounds and the unfilled compound, although
surprisingly the torque rise for the compound containing unmodified montmoril-
lonite was slightly larger.
Both primary amines and quaternary ammonium salts have been frequently
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used as modifying agents for organoclays. A study by Magaraphan et al. 84
comparing the two types found that the ammonium had a much greater effect on
curing than did the primary amine. It was also found that the alkyl chain length
in the modifier made very little difference for either type. Another variable to
be considered was whether the compounding method used had any consequences
on the rheometry. Clearly, as latex compounding used unmodified clay it would
have only a small effect on vulcanisation compared to that of an organoclay.
A comparison of melt compounding and solution blending by Lo´pez-Manchado
et al. 55 found that the melt compounding gave a slower cure than solution
blending, as well as a smaller increase in torque.
2.7.3 Curing Methods
The majority of RCNs are vulcanised using a conventional sulfur cure system
(Section 2.2.2), with a smaller number using a semi-EV cure system. A semi-EV
system is intermediate between a conventional cure and an EV cure, with a
sulfur:accelerator ratio of approximately ∼1:1. An investigation of a semi-EV
cure of an EPDM compound is provided by Usuki et al.,98 which also looks
at the effects of different accelerator chemicals. This paper suggests that some
accelerators have a compatibilising effect on the rubber network allowing greater
intercalation into the organoclay. The proposed mechanism is that the used
accelerator attaches to a rubber chain, making it more polar and increasing
affinity with the clay. It is claimed that a more polar accelerator will have a
greater effect.
Peroxide-based curing is used in a significant number of RCNs reported in the
literature.95,99–106 This is usually because a solution blending technique is being
used, as some of the sulfur curatives are insoluble while the peroxide curatives
are soluble. However, this is not always the case: see Nah et al. 99 and Essawy
and El-Nashar 100 for examples of a peroxide cure system being used with a
melt-compounded nanocomposite. Finally, peroxide cures are sometimes used for
elastomers which have few carbon-carbon double bonds, the most common of
these being EPDM.101,102
It appears from studying the literature on RCNs that the decision on which
cure system to use is often as much about what is readily available as a considered
decision of the pros and cons. It is therefore important to know the different
effects the two cure systems have on the RCNs. A comparison of peroxide-cured
and conventional sulfur-cured SBR/OMMT nanocomposites103 showed that whilst
almost identical results were achieved for TS and modulus at 50% extension,
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EB was much higher with the sulfur-cured system. This is consistent with the
behaviour of similar unfilled rubber compounds, and occurs because polysulfidic
crosslinks will snap relatively easily, reducing stress concentrations.107 The carbon-
carbon crosslinks produced by the peroxide cure system do not have this ability,
causing the rubber to fail at a much lower strain. Similarly, rubbers vulcanised
using an EV sulfur-based cure system (Section 2.2.2) also show lower TS because
they contain a high proportion of monosulfidic crosslinks that also do not snap
easily.
2.7.4 Mechanical Properties of OMMT RCNs
Elastic Modulus
Elastic modulus is a common and useful measure of the reinforcement provided
by a filler, and is also directly relevant for many applications. It is much more
common to find measurements of tensile modulus (E) in the literature than
shear modulus (G), because of the greater simplicity of tensile testing. Although
stiffness is usually measured continuously during tensile testing, published values
of tensile modulus are frequently given at only one or two values: 100% and 300%
strain are typical, although the actual values stated will be down to the authors’
preferences.
Most papers report an increase in modulus when organoclays are added to a
rubber. Magaraphan et al. 84 reported that M300 (the stress required to produce
a strain of 300%) for NR was increased from 2.1MPa to 6.1MPa when 7phr of
OMMT was added, while, by comparison, 20phr of N110 black increased M300
to 16.6MPa. Joly et al. 83 looked at two NR/OMMT nanocomposites, with the
clays differing in the type of modifying agent used, (Figure 2.12) and found that
while DSEHA gave a large increase in modulus at very low strains, DDA offered
no improvement in modulus over an unfilled vulcanisate until strains approached
300%. The reason for the difference between the organoclays was not commented
on, although the earlier upturn in modulus for the nanocomposites at high strain
was attributed to increased strain crystallisation due to orientation of the polymer
chains by the clay sheets.
Varghese and Karger-Kocsis 91 reported that OMMT was slightly more rein-
forcing of NR than silica at the same filler level. Vu et al. 108 found that when
organoclay was added to ENR-50, modulus was increased relative to both a silica-
filled compound and to an unmodified clay-filled compound. IR also increased in
modulus when an organoclay was added.
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Mechanical Properties. Typical stress-strain curves
for the pure natural rubber and the composites contain-
ing 10 wt % of modified clay (M2 and M3) are shown in
Figure 5. Even at 10 wt %, the modulus increase is
comparable to that achieved by higher loadings of
conventional micrometer-sized fillers, demonstrating the
advantages of a high-surface-area filler.
Other interesting features of elastomeric networks
can be revealed by plotting the reduced stress ó* [ó* )
ó/(R - R-2)] against the reciprocal of the extension ratio
R (where ó is the nominal stress defined as the force
divided by the undeformed cross-sectional area and R
is the extension ratio, defined as the ratio of the final
length of the sample in the direction of stretch to the
initial length before deformation) (Figure 6). This repre-
sentation is suggested by the Mooney-Rivlin equation16,17
in which 2C1 and 2C2 are constants independent of R.
An unfilled elastomer that cannot undergo strain-
induced crystallization usually displays, at increasing
deformations, a decrease in the reduced stress ascribed
to the affine-phantom transition.16 In the case of
natural rubber, strain-induced crystallization is ob-
served because of the very uniform microstructure of
the polymer chains. It is responsible for the large and
abrupt increase in the reduced stress observed at
deformations approaching the maximum extensibility.
This effect corresponds to a self-toughening of the
elastomer because the crystallites act as additional
cross-links in the network, strain amplifiers, and to
some extent as filler particles. When compounded with
a reinforcing filler, elastomers do exhibit upturns in the
modulus attributed to the limited chain extensibility of
short chains bridging neighboring filler particles.18,19
The upturn in the modulus is observed if a strong
interaction between polymer and filler exists. The
results displayed in Figure 6 show that natural rubber
filled with modified clays obviously exhibits upturns in
the modulus at smaller deformations than that observed
in a pure elastomer. In this case, the upturns in the
moduli are most likely associated with the strain-
induced crystallization. One would expect the interca-
lated polymer chains to be in a more extended confor-
mation than those outside the clay galleries, thus
favoring the crystallization process. A characteristic
feature observed in the infrared of pure natural rubber
upon crystallization is the shift of the C-H out-of-plane
frequency from 837 to 841 cm-1 (Figure 7a). The 841-
cm-1 absorption band can be considered to be specific
to crystalline material.20,21 The same effect is observed
in the presence of clay (Figure 7b).
On the other hand, a large decrease in the modulus
is obtained for the compound with M3 attributed to the
(16) Mark, J. E.; Erman, B. Rubber Elasticity. A Molecular Primer;
Wiley-Interscience: New York, 1988.
(17) Erman, B.; Mark, J. E. Structures and Properties of Rubberlike
Networks; Oxford University Press: New York, 1997.
(18) Bokobza, L. Polymer 2001, 42, 5415.
(19) Bokobza, L. Macromol. Symp. 2001, 169, 243.
(20) Gotoh, R.; Takenaka, T.; Hayama, N. Kolloid Z. Z. Polym. 1965,
20, 18.
(21) Amram, B.; Bokobza, L.; Queslel, J. P.; Monnerie, L. Polymer
1986, 27, 877.
Figure 4. X-ray diffraction patterns for pure organo-modified clays and for polymer composites.
Figure 5. Stress-strain curves for natural rubber (NR) and
for natural rubber filled with 10 wt % of organically modified
clays (M2 and M3).
Figure 6. Mooney-Rivlin plots for the elastomers.
ó* ) 2C1 + 2C2R
-1 (1)
Silicates as Reinforcing Fillers for Natural Rubber Chem. Mater., Vol. 14, No. 10, 2002 4205
Figure 2.12: Tensile stress-strain curves for NR and NR/OMMT vulcanisates;
M2 and M3 are OMMT modified with DDA and DSEHA respectively; Taken
from Joly et al. 83
Looking at other synthetic rubbers, i was found that organoclays could
dramatically increase the stiffness of EPDM.109,110 The greatest reinforcemen
was found when the modifying agent had two long alkyl chains instead of just
one, due to better compatibility between the rubber and the organoclay. SBR104
and NBR111 also had increased stiffness when compounded with organoclays.
The reinforcement of RCNs is not restricted to those containing organoclays.
NR nanocomposites produced by latex compounding and containing only unmod-
ified clay are still significantly stiffer than the comparable unfilled compounds.
Varghese and Karger-Kocsis 79 looked at both montmorillonite and fluorohectorite
in NR latex, finding that whilst both clay increase modulus, fluorohectorite has
a bigger effect than montmorillonite. Similarly, Wang et al. 112 found greatly
increased tensile modulus for NR/r ctorite nanocomposites p oduced using latex
compounding.
Tensile Strength and Extension at Break
The tensile strength (TS) of a vulcanisate is one of the benchmark properties
widely used to compare different form lations. However, it can be significantly
affected by factors other than the intrinsic properties of the material, such as the
condition of the testpiece, leading to substantial variations that are difficult to
justify. For example, the reported effects of organoclay on the TS of NR vary
greatly. Arroyo et al. 113 claimed a 250% increase in TS for NR with an OMMT
content of 10phr (parts per hundred parts of rubber by weight). However, this is
due to the very low reported value for the TS of unfilled NR of 4.25MPa, as a
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more normal value would be in the range 20-30MPa.23 Amongst the more realistic
measurements of TS of NR RCNs, Magaraphan et al. 84 and Bala et al. 114 both
reported slight increases when OMMT was added.
NR is an unusual elastomer because it strain crystallises, so it has an innate
strength much higher than most synthetic rubbers. This means that non-strain
crystallising synthetic rubber-organoclay nanocomposites have a greater propen-
sity to display increased TS, as the following examples demonstrate. Chang
et al. 110 claim an increase in TS of 300% with the addition of 20phr of OMMT to
EPDM, while Nah et al. 111 reported a 300% increase with 15phr in NBR. Song
et al. 115 found a similar figure for SBR with 15phr of OMMT, although BR at
the same loading level only gave a 70% increase over the gum compound. This
value was the same as for the same level of unmodified clay.
Extension at break (EB) for synthetic rubber RCNs followed similar trends
to TS. In SBR115 EB was nearly four times greater with 15phr OMMT than
for the SBR gum compound, and more than double that observed for 15phr of
unmodified clay. In BR, however, again no difference was found between the
organoclay and the unmodified clay, although both were greater than the unfilled
compound. In NBR111 a slight decrease in extension at breaking was observed,
while in NR84 no significant differences were seen between unfilled, unmodified
clay-filled, and organoclay-filled compounds. Finally, in EPDM110 there was a
moderate increase in EB, but this was small compared to the increase in TS.
It is noticeable that in SBR and BR the increase in TS was almost entirely due
to the increased EB, whilst NBR, and to a lesser extent in EPDM, the increased
TS was due to a significantly higher tensile modulus. This suggests that OMMT
acts more like a reinforcing filler in NBR and EPDM than in SBR or BR.
Hardness
It has been repeatedly demonstrated that organoclays cause an increase in
rubber hardness because of their reinforcing capabilities. In NR, for example,
increased hardness was reported by Arroyo et al. 113 and Magaraphan et al. 84
Increased hardness was also reported by Teh et al. 116 when looking at a 10:1
blend of NR and ENR-50. Work by Reincke et al. 117 is unusual because it looks
at exceptionally high organoclay contents. Hardness is recorded as doubling from
30IRHD in the unfilled vulcanisates to 60IRHD with 70phr of organoclay. This is
only slightly less hard than a silica-filled compound of identical loading. There are
also numerous reports of synthetic rubber RCNs that display increased hardness
compared to unfilled vulcanisates.73,89,94,118,119
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Set and Compression Set
Although set is a relatively easy property to measure, it has not been studied
in much detail in the available literature on RCNs. A simple way to look at
set is to measure the deformation of a tensile testpiece after undergoing cyclic
stress-strain measurements. This have been found to show significantly more
deformation for RCNs than comparable unfilled compounds.87,99
A more useful technique, since it is both closer to likely service conditions and
uses a standardised method, is compression set, where the sample is compressed
for 24 hours at a stated temperature. Compression set testing by Lo´pez-Manchado
et al. 55 found that NR/organo-saponite nanocomposites showed increased set
relative to an unfilled NR compound. In addition, solution blending gave a slightly
higher set than did melt compounding. Similarly, Chakraborty et al. 120 reported
a substantial increase in compression set with OMMT in comparison to that
produced by the same weight of carbon black or unmodified montmorillonite. The
proposed cause of the increase in set is a combination of slippage at the rubber-
filler interface and deformation of the filler particles by the silicate sheets sliding
over each other. However, Teh et al. 116 contradicted these results, claiming that
compression set values for an NR/ENR-50 (10:1) blend decreased with increasing
OMMT content. Therefore, whether OMMT causes an increase or decrease in set
is another issue that will be looked at during the course of this work.
Tear Strength
Tear strength is another property that is often reported to be improved in
RCNs. This is well illustrated by a study of the tear behaviour of NBR composites
by Nah et al.111 It was found that the tear force/displacement curve for the
organoclay nanocomposite (Figure 2.13) was noticeably different in character
to the other three rubber materials (unfilled, unmodified clay-filled and carbon
black-filled), with much smaller gaps between peaks. It is argued that this is
due to the greater number of individual particles for a given volume fraction,
compared to carbon black or silica. However, the tear strength is intermediate
between that of the black-filled composite and the unfilled material, implying
that the organoclay is not acting as a strongly reinforcing filler.
Organoclays were also found to increase the tear strength of other elastomers.
For example, the tear strength of EPDM was more than doubled when organoclay
was added,118 while SBR73 and NR121 showed similar trends.
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Table 1. Tensile and tear properties of
rubber composites
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Figure 2. Relations between tear force
and displacement for four different
rubber composites.
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Figure 2.13: Tear behaviour of four NBR composites; taken from Nah et al. 111
Abrasion Resistance
High abrasion resistance is an essential requirement for a number of engineering
applications with rubber, particularly in tyres. Generally, filled rubbers have
increased abrasion resistance because the filler particles introduce more damping
into the system. In addition, strong rubber-filler interaction will further enhance
abrasion resistance. Arroyo et al. 113 found that adding 10phr of organoclay to
NR by melt compounding decreased abrasion weight loss by 25% compared to
unfilled NR under nominally similar test conditions, approximately the same as
for 40phr of carbon black. Wang et al. 75 used latex compounding to produce an
NR nanocomposite, and found that 10phr of organoclay reduced abrasion weight
loss by over half, with larger organoclay contents reducing abrasion even further.
However, informal discussions with various tyre manufacturers have suggested
that organoclays actually have a negative effect on abrasion resistance, although
results showing this have not been published to date.
Dynamic Behaviour
The dynamic properties of elastomers can be significantly altered by the
addition of organoclays, as they are by other reinforcing fillers. However, the
nature of the changes can be very different from what is seen with other fillers.
For example, Varghese and Karger-Kocsis 91 reported a dramatic alteration in
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the variation of tan δ with temperature for some NR nanocomposites. While
NR/unmodified clay and NR/silica compounds showed a single peak due to
glass transition of the bulk rubber, octadecylamine-modified montmorillonite
(MMT-ODA) gave a less intense and broader double-peak (Figure 2.14). The
double peak was interpreted by the authors as reflecting two environments for
the rubber molecules: intercalated within the clay sheets or external to them.
Interestingly, only a single peak was observed for montmorillonite modified with
methyltallow bis-2-hydroxyethyl ammonium (MMT-TMDA), suggesting that
using the bulkier ammonium modifier prevented the rubber from intercalating.
Measurements of tan δ with temperature for NR nanocomposites produced by latex
compounding79 gave a similar low broad double peak, suggesting intercalation had
been successfully achieved (Figure 2.15). This was true for compounds containing
either montmorillonite or fluorohectorite.
It is worth noting that Kim et al. 94 looked at the dynamic properties of NBR
nanocomposites, and failed to observe the double peak seen in the previous papers.
The dynamic modulus and Tg increased with increasing organoclay content, while
the peak value of tan δ decreased. This was also the conclusion of the majority of
the rest of the papers that considered the dynamic properties of RCNs.
Another aspect of dynamic behaviour, that of strain amplitude dependence at
a fixed temperature, was investigated by Vu et al. 108 Four uncured IR compounds,
containing either 10phr or 20phr of two types of OMMT, were tested at 50◦C, 5Hz
and strain amplitudes from 0.01% to 0.5%). At all strain amplitudes increasing the
OMMT content produced an increase in G′, as would be expected. A significant
Payne effect was observed with all four compounds, but the effect was largest by
some margin for 20phr of OMMT modified with dimethylstearyl(2-ethylhexyl)
ammonium (DSEHA) rather than DDA. The authors explained the larger Payne
effect as indicating greater filler-filler networking due to a greater inter-layer
spacing being produced by DSEHA. Similarly, while tan δ was significantly larger
with 20phr than wih 10phr of OMMT for both clays, tan δ was significantly
greater with DSEHA than with DDA. This was also attributed to greater filler
networking with DSEHA.
2.7.5 Gas Permeability of OMMT RCNs
The gas permeability of RCNs has been a subject of major interest, because
of previous successes using organoclays to reduce the permeability of polymers by
up to 80%. For example, a low permeability nylon 6/organoclay nanocomposite
was commercialised by Bayer122 in 1999. An example of the improvements seen in
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mental sulfur.19,20 The reduction in the cure and
scorch times for ﬂuorohectorite and bentonite may be
due to some catalytic effect of the silicates on the
crosslinking reaction. The ﬁllers also affect the rever-
sion rate of the NR stocks. The lowest reversion rate
was found for the organoclays, and the highest was
found for the silica containing versions. Reduced re-
version is a further beneﬁcial effect of organoclays in
NR recipes.
DMTA
The storage modulus of the different silicate-ﬁlled
vulcanizates as a function of temperature is displayed
in Figure 1(a). The MMT–ODA-ﬁlled composite regis-
ters the highest storage modulus. After the glass-tran-
sition temperature (Tg), the mixes show a similar
change with the temperature. The intercalated and
exfoliated silicate layers of MMT–ODA reinforce the
matrix to a great extent, as reﬂected in the storage
moduli. Interestingly, a very high reinforcing effect
has been observed for the pristine ﬂuorohectorite. This
is due to the high aspect ratio of the ﬂuorohectorite,
which is markedly lower in the nonexfoliated stage
than in the exfoliated stage (1000), but it is still
enough for a good reinforcement. Tan  as a function
of temperature is depicted in Figure 1(b). Clearly, all
silicate versions except MMT–ODA have a pro-
nounced Tg peak, which reﬂects the high mobility of
the polymer chains when their contacts to the ﬁller are
low. However, in the MMT–ODA-ﬁlled composite,
the Tg peak is strongly reduced, indicating a strong
interaction between NR and silicate. Moreover, there
is a secondary relaxation peak for this composite in the
tan /temperature curve. This may be assigned to the
rubber between the clay layers in an intercalated (par-
tially exfoliated) and/or conﬁned (reaggregated) sys-
tem. Here the rubber behaves differently than that of
the bulk, being under high constraints. Therefore, this
rubber portion has a higher Tg than that of the bulk.
TEM pictures shown later support this suggestion. It
should be noted that DMTA is a proper tool for ob-
taining some preliminary information about the dis-
persion of the silicates.12,17,21,22
Technological properties
The changes in the modulus for the NR composites
with different ﬁllers are given in Figure 2. The refer-
ence materials (silica- and bentonite-ﬁlled composites)
exhibit almost the same changes in their moduli. Flu-
orohectorite and MMT–TMDA make the NR more
stiff than the reference ﬁller. The highest modulus at
all elongations is registered for NR modiﬁed by
Figure 1 Complex storage modulus (E) and tan  as a
function of the temperature for different silicate-ﬁlled nano-
composites.
TABLE III
Rheometric Properties of the NR Mixes
Parameter Silica Fluorohectorite Bentonite MMT–ODA MMT–TMDA
Minimum torque (dNm) 0.61 0.67 0.58 1.04 1.23
Maximum torque (dNm) 7.87 8.30 7.99 8.34 8.69
Maximum  minimum torque (dNm) 7.27 7.63 7.41 7.30 7.46
Scorch time t2 (min) 8.37 7.42 5.48 5.17 3.17
Cure time t90 (min) 14.71 12.99 11.77 10.12 8.54
Cure rate t90  t2 (min) 6.34 5.57 6.29 4.95 5.37
MELT-COMPOUNDED NATURAL RUBBER NANOCOMPOSITES 815
Figure 2.14: Variation of tan δ with temperature for NR/OMMT nanocomposites.
Taken from Varghese and Karger-Kocsis 91
formation of confined rubber in florohectorite, which will be
discussed later.
The maximum of tan d peak reduce significantly
suggesting a strong adhesion between NR and silicate
[25]. Sliding along the intercalated interlayer is suppressed.
In addition, chain slipping at the outer surfaces of the
aggregates is likely also hampered. Therefore the loss
maximum is smallest in case of the system with the
strongest filler matrix coupling (fluorohectorite).
3.2. Thermal decomposition
The thermal decomposition behavior of NR nanocom-
posites is given in Table 4. At 400 8C, the percentage of
weight retained is higher for the nanocomposites. This
increase in thermal stability of the hybrid may result from
the dispersion of the clay and from a strong interaction
between the clay platelets and rubber molecules. At 450 8C,
fluorohectorite filled vulcanizate is more stable than the
bentonite filled version. This is a hint for the dispersion state
of the layered silicates in the rubber. It has been reported
that hybrids with a good dispersion of organoclay are
thermally more stable [20,25]. A characteristic feature of
the nanocomposites is that the thermal property improve-
ment occurs at a very low filler content, often making the
obtained material cheaper, lighter and easier to process than
conventional composites.
3.3. Sorption behavior
Fig. 3 shows the sorption curves of the vulcanizates,
which are obtained by plotting Qt (mole percent uptake per
100 g of the composite) in toluene at 25 8C. Note that the
gum has the maximum toluene uptake at equilibrium
swelling. This is expected, since there is less restriction
for the penetrant to diffuse into the vulcanizate. At equal
volume loading of filler, the amount of solvent absorbed at
equilibrium swelling is less for the composites containing
layered silicate-especially fluorohectorite-compared to that
containing commercial clay. The presence of impermeable
clay layers decreases the rate of transport by increasing the
average diffusion path length in the specimen [26,27].
Another interesting observation from the sorption curves of
the composites in toluene is the difference in the initial rates
of diffusion. The initial rate of diffusion is fastest for gum
followed by commercial clay filled rubber. This is because
in gum compound there is no restriction for solvent
molecules for penetration. However, in the commercial
clay filled rubber the solvent uptake is restricted to a lower
extent because of the weak interface and also due to poor
clay dispersion. The relatively lower rates of diffusion at the
beginning of the sorption curve for the compounds with
layered silicates are due to the strong interface and also due
to the orientation of the layers. During swelling the solvent
can enter in the polymer along or transverse to the
aligned silicate platelets. In well-oriented composites, the
penetration in the perpendicular direction is highly
restricted. Consequently, the dimensions (thickness and
diameter) of the circular specimen after the swelling will be
Fig. 2. (a) Storage modulus ðE0Þ as a function of temperature for clay filled
(nano)composites. (b) Mechanical loss factor ðtan dÞ against temperature
for clay filled (nano)composites.
Table 4
TGA analysis of the NR-based composites
Temperature (8C) Weight retained (%)
Clay Bentonite Fluorohectorite
300 97.01 97.51 96.99
350 94.85 94.76 94.82
400 54.31 63.66 63.63
450 15.86 15.11 18.28
500 11.12 7.17 10.00
550 10.98 6.95 9.90
600 10.76 6.82 9.78
S. Varghese, J. Karger-Kocsis / Polymer 44 (2003) 4921–49274924
Figure 2.15: Variation of tan δ with temperature for NR/unmodified clay nano-
composites produced by latex compounding. Taken from Varghese and Karger-
Kocsis 79
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4. Discussions
4.1. Characterization of latex nanocomposites
X-ray diffraction method has been used to characterize the
formation and structure of polymer–silicate hybrids by
monitoring the position, shape and intensity of the basal
reflection from the silicate layers. When insertion of polymer
chains in the silicate layers occurs, an increase of silicate
interlayer volume and corresponding layer spacing could be
obtained which intact give rise to the shifting of diffraction
peaks to lower angles. Diffraction peak cannot be seen in the
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Fig. 3. (a) Variation in permeability of nitrogen gas through NR latex membrane towards different fillers (2.5 phr) at 1 bar. (b) Variation in permeability of oxygen
gas through NR latex membrane towards different fillers (2.5 phr) at 1 bar. (c) Variation in permeability of nitrogen gas through XSBR latex membrane towards
different fillers (2.5 phr) at 1 bar. (d) Variation in permeability of oxygen gas through XSBR latex membrane towards different fillers (2.5 phr) at 1 bar. (e) Variation
in permeability of oxygen gas through 70:30 NR/XSBR latex membrane towards different fillers (2.5 phr) at 1 bar.
R. Stephen et al. / Polymer 47 (2006) 858–870862
Figure 2.16: Permeability of clay-filled NR to nitrogen and oxygen, respectively.
E, F, Si and C represent sodium montmorillonite, sodium fluorohectorite, silica
and generic clay, respectively. Taken from Stephen et al. 78
barrier properties is found in a paper by Wu et al.,74 which reports that NBR/clay
nanocomposites produced by latex compounding gave a 50% reduction in nitrogen
p rmeability at 40◦C when 30phr of clay was added. Chang et al. 123 found a 40%
decrease in oxygen permeability at 30◦C in EPDM/organoclay nanocomposites.
Similarly, Usuki et al. 98 found a reduction of up to 30% in the nitrogen per-
meability of EPDM at 60◦C. More recently, Stephen et al. 78 found reductions
in both nitrogen and oxygen permeability for NR latex/clay nanocomposites.
The permeability reduction was much more pronounced with nitrogen than with
oxygen. Montmorillonite was more effective at reducing nitrogen permeability
while fluorohectorite was better at reducing oxygen permeability (Figure 2.16).
The effectiveness of the montmorillonite and fluorohectorite was even more
pronounced when added to XSBR. In that case fluorohectorite gave a 60%
reduction in oxygen permeability and an 85% reduction in nitrogen permeability.
This level of reduction had not been achieved previously for an elastomer.
Because most current applic tions r quiring low perme bility rubber us IIR,
it was of interest to see whe her this material’s barrier p ope ties could lso be
improved by addition of organoclay. Liang et al. 119 found that a 20% reduction
in nitrogen permeability at 40◦C could be achieved, in what was already a highly
impermeable material (see Figure 2.17). Solution blending was reported to give
better results than melt compounding, which was hypothesised to be due to a
higher aspect ratio for the clay particles because of more extensive exfoliation.
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determining the gas barrier property of nanocomposites—
the higher aspect ratio, the higher gas barrier property. In
this work, the aspect ratio of clay layers in S-IIRCN is
larger than that in M-IIRCN, so that S-IIRCN composites
have better gas barrier property than their M-IIRCN
counterparts.
4. Conclusions
Both the solution and melt intercalation methods are
feasible to prepare isobutylene–isoprene rubber/organic
modified clay nanocomposites (IIRCN). In comparison
with micro-composites and pure IIR, the nanocomposites
exhibited outstanding mechanical properties and excellent
gas barrier properties. The aspect ratio of nano clay layers in
S-IIRCN is larger than that of in M-IIRCN, which is
probably the reason that S-IIRCN has better mechanical and
gas barrier properties.
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2.8 Sepiolite-Filled Rubbers
2.8.1 Elastomers Containing Inorganic Sepiolite
Use of unmodified sepiolite as a filler for rubber has been of comparatively little
research interest, despite evid nce of som reinforci g behaviour. This is probably
down to the relative scarcity of sepiolite as compared to montmorillonite, and
the general belief th t unm dified clays do not make very good reinforcing fillers.
The first paper looking at the subject in detail is Gonzalez et al. 124 and studies
the effect of 30, 50 and 70phr of unmodified sepiolite in a variety of elastomers,
including NR. Compared to a generic clay it doubled the tensile modulus at 300%
and decreased rebound resilience and abrasion. Tensile strength and hardness
were not significantly altered by the addition of unmodified sepiolite. More
recently, sepiolite which has been chemically and mechanically disagglomorated,
but not organically modified, has been used in poly(hydroxyethyl acrylate)125
and silicone rubber,126 in both cases producing significant increases in stiffness.
2.8.2 Elastomers Containing Organo-Sepiolite
Similarly, there has been little work done looking at rubber filled with OSEP.
Possibly this is because there is an ingrained bias towards platy organoclays
due to their successful application in polymers, particularly with regards to gas
permeability. OSEP was first looked at briefly by Bokobza and Chauvin,127 who
suggested that it reinforced NR to a g eater extent than an equivalent volume
fraction of silica, because the shape of the sepiolite particles leads to a stronger
65
D. J. Lowe, July 2012 Chapter 2. Literature Review
interaction with polymer chains. This was followed by another paper128 looking at
OSEP and silica in SBR both separately and together. While both sepiolite and
silica gave small increases in elastic modulus when used separately, in combination
they produced a much greater increase, as well as a considerable improvement in
TS. However, the silane coupling agent TESPT was used to increase silica-rubber
interaction without any consideration of the effects this would have on the OSEP.
Given that sepiolite is also a silicate, it is highly likely that it will react effectively
with a silane coupling agent. It seems unreasonable to compare OSEP without
TESPT to OSEP and silica with TESPT and then assume all the difference
in due to interactions between OSEP and silica. It is therefore possible that
better OSEP-rubber interaction, rather than the proposed synergistic effects of
two different fillers, are the cause of the dramatic improvement seen. The only
other work looking at OSEP in rubber comes from Bhattacharya et al. who
investigate its effects in NR129 and SBR130 in a very similar way. Both papers
report moderate increases in TS, tensile modulus and tear strength upon the
addition of 4phr of OSEP. There has been no work published so far considering
the effects of OSEP on vulcanisation behaviour in any elastomer.
2.9 RCNs with Coupling Agents
Silane coupling agents became widely used in silica-filled rubber in the 1990s,15
and work on adding silanes to unmodified clay in rubber began during the same
period.131,132 It is therefore quite surprising how little work has been done on the
benefits of silane coupling agents on the properties of RCNs.
The earliest work looking at the effect of silane coupling agents with rub-
ber/clay nanocomposites was by Ganter et al. 87 in 2001. BR and SBR were used,
rather than NR, with relatively large amounts of OMMT (30phr) and TESPT
(3phr). It was found that the TESPT had no apparent effect on the vulcanisation
behaviour. Both rubbers had increased values of M50 with the TESPT, and,
while TS was unchanged, EB was dramatically decreased by the addition of
TESPT. Hysteresis was significantly decreased by TESPT, while permanent set
was also reduced. The most interesting result came from using XRD (X-ray
diffraction) to measure the orientation of the clays when the rubber was both
strained and unstrained. The compound containing TESPT retained the original
orientation after the rubber had been cycled a number of times. By contrast,
the nanocomposite without TESPT retained its alignment after the first cycle
but the orientation declined after subsequent cycles. A swollen sample of the
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clay/TESPT vulcanizate compared to sili-
ca/TESPT. As shown in a preceding pa-
per all organoclay compounds also exhi-
bit a permanent set much larger than si-
lica compounds [3]. For the systems in
which part of silica is replaced by ATB-
modified silicate reinforcement increases
with increasing content of silicate. At the
same time hysteresis also does increase.
An optimum is reached at about 5 % sub-
stitution where hysteresis is moderately
larger and the reinforcement is somewhat
lower than for the silica reference system.
As shown in Figure 1 significant improve-
ment is obtained for ultimate properties,
notably for strain at break. Hysteresis of
compounds of series 2 (Figure 4), filled
with the synthetic fluorohectorite only, is
typically strongly enhanced with respect
to the systems containing porous silica.
As already observed for the ultimate
properties in Figure 3 large increase is
also seen for the stress at 50 % elonga-
tion showing the strong reinforcing effect
of this filler.
In Figure 5 the loss factor tan d is
shown for the case of the vulcanizates
containing organoclay or silica only. Be-
sides the systems containing rubber-
swollen organoclay with and without cou-
pling agent the behavior of a vulcanizate
containing the untreated organoclay is
shown, too. The tan d curves of the silica
filled compounds do not show any loss
process except for the rise at low tem-
perature which marks the onset of the
glass transition. In contrast all vulcani-
zates containing the layered silicate
show a broad relaxation process from
30 to 60 8C. The explanation that this pro-
cess is due to a glass transition of rubber
confined inside the layers can be ex-
cluded because the system containing
the unswollen organoclay does show
this process to a similar extent. Reactive
matrix-silicate bonding reduces the max-
imum of tan d significantly. These results
demonstrate that relaxation effects typi-
cal for the anisotropic filler take place in-
volving loss processes depending on ma-
trix-filler coupling and on the nature of the
filler aggregates. It is conjectured that the
loss processes observed at small ampli-
tude oscillatory strain and the enhanced
hysteresis observed at large cyclic strain
have the same origin. In fact, simulta-
neous orientation measurement by
WAXS during cyclic stress strain me-
asurement have shown that the main
Figure 3. Hysteresis and stress at 50 % elongation of SBR vulcanizates containing 30 phr fil-
ler prepared by different methods (see Table 1)
Figure 4. Hysteresis and stress at 50 % elongation of SBR vulcanizates containing varying
amounts of silica, unmodified and ATB-modified fluorohectorite (see Table 2)
Figure 5. Loss fac-
tor tan d E 00=E 0 for
SBR vulcanizates as
determined by DMA
KGK Kautschuk Gummi Kunststoffe 54. Jahrgang, Nr. 4/2001 169
Surface-Compatibilized Layered Silicates
Figure 2.18: Variation of tan δ with temperature for SBR vulcanisates. Taken
from Ganter et al. 88
vulcanisate showed almost complete loss of alignment after the first cycle, as
the solvent weakened the rubber-filler interface so much that the organoclay was
free to move around. This is explained as the result of a strong rubber-filler
interaction attributable to the silane coupling agent. The authors also claim to
see in their TEM images a difference in the rubber matrix due to the TESPT
changing its interaction with the clay, although this is difficult to discern in the
published TEM images. Another contemporaneous paper by most of the same
authors88 gives quite similar results, but includes an interesting investigation
of the dynamic properties. This shows that OMMT produces a second tan δ
peak, away from the Tg peak due to the bulk rubber, at approximately 40
◦C
(Figure 2.18). This peak, which is not seen with silica, can be greatly reduced in
intensity by the addition of 10wt% of TESPT. The authors attribute the tan δ
peak primarily to energy losses due to reorientation of the highly shaped filler
particles under strain, although this does not explain the observed temperature
dependance.
Kim et al. 133 looked at NBR/OMMT nanocomposites containing a silane
coupling agent, though 3-mercaptopropyl trimethoxysilane was used instead of
TESPT. This looked at silane contents that went up to the exceptionally high
level of 10phr of coupling agent for 5phr of OMMT, although the lower levels
of coupling agent used seemed to be more realistic. Confidence in the authors’
results was somewhat diminished by their claim from their XRD data that they
had achieved complete exfoliation, despite the fact that their accompanying TEM
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Figure 2. Vulcametric curves of the various systems obtained at 150 ◦C.
Table 3. Curing characteristics of the studied materials at 150 ◦C
tS2 (min) t90 (min) Smax (dNm) Smin (dNm) S = Smax –Smin (dNm)
CRI, 100 (t90 – tS2)
(min−1)
NR 7.19 14.04 4.46 0.03 4.43 14.6
NR–organoclay (mechanical mixing) 3.24 6.87 8.83 0.04 8.79 27.5
NR–organoclay (solution mixing) 1.32 3.71 11.95 0.06 11.89 41.8
NR–organoclay–Si69 (solution mixing) 1.27 7.26 13.46 0.06 13.40 16.7
present in the silicate surface, so hindering the
accelerating effect of the amine groups.
On the other hand, the maximum torque and delta
torque increased by addition of the organosilicate,
showing the strong reinforcing effect of this filler. It
is of interest to point out that this effect is more
evident when the nanocomposites are prepared by
solution mixing, which suggests a higher compatibility
at the filler/elastomer interface. In addition, both
the maximum torque and differential torque were
found to increase with incorporation of a coupling
agent, thus indicating that the matrix–filler bonding
by TESPT takes place at the silicate layer surface.
Furthermore, these results suggest that the natural
rubber became more crosslinked in the presence of the
organoclay, as was confirmed from crosslinking density
measurements (Table 4). Porter27 reported that the
crosslinking density of a carbon-black-reinforced
vulcanization system is enhanced by about 25 % when
compared with the corresponding unfilled one.
These results are in concordance with the bound
rubber measurements, which give an indication of the
rubber/filler interactions as a result of mixing.
Nanostructures of the vulcanizates
The organoclay nanolayers have been uniformly
dispersed (intercalated or exfoliated) in the elastomer
matrix by means of both the mechanical and
solution mixing techniques. The X-ray diffraction
(XRD) patterns (Fig 3) show disappearance of the
diffraction peak at about 2θ = 5 ◦, corresponding to
the organosilicate interlayer platelet spacing.
Mechanical properties
The moduli at different elongations (50, 100, 300
and 500 %), maximum strength and elongation at
break of the studied elastomeric compounds are
compiled in Table 4. From the obtained results,
it can be deduced that the incorporation of small
amounts of organosilicate (10 phr) gives rise to a
noticeable increase in modulus, which shows the
strong reinforcing effect of these inorganic fillers. The
reinforcement is associated with the anisotropy and
high aspect ratio of organoclay nanofillers. These
act as short reinforcing fibers with a nanoscale
architecture. In addition, the modulus and maximum
tensile strength increase when the nanocomposite
is synthesized by the solution mixing method. This
fact can be attributed to the extent of dispersion
of the silicate in the NR matrix and the increased
crosslinking density resulting from polymer–filler
interactions. The silane coupling agent, which is itself a
crosslinking agent, increases the crosslinking density of
the composite, thereby enhancing the modulus. Thus,
the modulus at low strains was found to increase by
adding the silane coupling agent.28
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Figure 2.19: Rheometry of NR/organo-saponite nanocomposites at 150◦C. Taken
from Lo´pez-Manc ado et al. 55
images showed that the OMMT was predominantly in the form of large tactoids
rather than i dividual sheets. The rheometry results reported by the authors were
inco usive, s ggesting that the coupling agent had little effect on vulcanisation.
Claims were made for increased tensile modulus (at an unspecified strain) and
TS with increased coupling agent, though the highest level of coupling agent
showed decreased modulus and TS. While the authors claim to have averaged
eight measurements to find their quoted values for these properties, the variation
in he da a seems to b explicabl b random variation in the properties of the
vulcanisates as easily as by influence of the coupling agent content.
Lo´pez-Manchado et al. 55 created an RCN containing TESPT using NR and
an orga o lay at was based on saponite, which is similar but not identical
montmorillonite. The amount of coupling agent used was relatively large, at
10phr of organoclay to 5phr of TESPT. The main problem with this work is that
the authors used a solution blending method to produce the nanocomposites.
Th s means that littl if any silane will be able to react with the organoclay pri r
to vulcanisation. While some silane will probably be adsorbed unto the surface
of the clay during solution blending, where it can then react during vulcanisation,
there is no guarantee that reasonable coverage of the surf ce will be achieved. By
contrast, if a temperature sufficient for rapid reaction is reached during mixing,
then as the TESPT is transported through the rubber it will be able to react
with silanols over the entire surface of the organoclay particles.
The different vulcanisation behaviour of the compounds is shown in Figure
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2.19, where it can be seen that the TESPT has a small effect on scorch, significantly
lengthens the cure time and increases the torque rise upon vulcanisation. Modulus
is unchanged from the solution-blended nanocomposite without TESPT at 50%
within the stated margin of error. However, increases in modulus of 30% for M100
and 40% for M300 were reported, while TS declined from 22.2MPa to 15.2MPa.
Hardness was unchanged within the stated margin of error, while compression set
and crosslink density both increased slightly when TESPT was added.
More recently, in 2010 Chakraborty et al. 120 reported a study of SBR with
OMMT and TESPT. This paper covered some of the same ground as the work
described in Chapter 9, which was carried out approximately simultaneously. It
looked at OMMT contents of both 5phr and 10phr, with the 5phr formulations
looking at TESPT contents of 0.1phr, 0.25phr, 0.35phr and 0.5phr. These
compounds displayed decreased scorch times and increased cure times with
increasing TESPT content, as well as increasing the torque rise upon vulcanisation
and slightly decreasing reversion. While M50 increased slightly with TESPT
content, M300 grew much more. Hardness grew slightly with TESPT content,
though both TS and tear strength were greatest with 0.25phr of TESPT. The
authors used these latter results to claim that the optimum properties were given
by 5 percent by weight of TESPT relative to the weight of OMMT (hereafter
shortened to wt%), which seems difficult to justify considering the other results.
A formulation of 10phr of OMMT and 0.5phr of TESPT was also produced and
compared to a similar formulation without TESPT. This showed no increase in
M50, but M300 was increased by 50%. Again TS and tear strength were slightly
increased, while hardness did not change very much. This time compression set
measurements were also made, showing a large decrease when TESPT was added,
while fatigue measurements showed a 100% increase in fatigue lifetime.
A second examination of SBR/OMMT/TESPT nanocomposites was reported
by Bhattacharya et al.,130 although this topic was only a small proportion of
the work reported in this paper. Modulus at 300% strain of SBR containing
8phr of OMMT was claimed to be increased by 74% by 0.8phr of TESPT, along
with increases in TS and tear strength. A decrease in tan δ at 0◦C and 60◦C
caused by TESPT was reported although G′ did not obviously change with the
addition of TESPT. Also, as with Kim et al. 133 the authors argue from their
XRD results that the silane coupling agent causes nearly complete exfoliation of
OMMT, but then contradict themselves by saying that TEM shows the clay to
be predominantly in tactoids consisting of three or four clay sheets.
The same authors are also responsible for the only work looking at the subject
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of OSEP/TESPT nanocomposites, albeit briefly. Bhattacharya et al.129 found
a substantial increase in tensile modulus of an NR/OSEP nanocomposite when
0.4phr of TESPT was added to 4phr of OSEP, although in this case TS and tear
strength stayed approximately constant. Also unlike with OMMT, it was reported
that TESPT doubled the size of tan δ at 0◦C and 60◦C, rather than decreasing
it. The authors do not mention this result during their discussion, presumably
because they cannot think of an explanation. Another paper that brushed on this
area but did not look at it was by Bokobza et al. 128 They added TESPT to SBR
composites that contained both OSEP and silica, but although they looked at
silica/TESPT systems they did not examine how OSEP/TESPT systems behaved
in the absence of silica, making many of their conclusions debatable.
Another type of coupling agent that has previously been used with rub-
ber/silicate composites is derived from titanates. Although less common than
silanes, they have been used to good effect in unmodified clay/rubber compos-
ites.134 It is even suggested135 that a titanate can act simultaneously as a coupling
agent and as a modifying agent for the clay in place of ammonium. However,
this idea has not yet been tested properly in rubber. The only published reports
looking at titanate coupling agents with organoclays are by Bhattacharya et
al., who found that it decreased tensile modulus and TS for OMMT in SBR,130
although a modest increase in both was observed for OSEP in NR.129
2.10 Analytical Techniques Used With RCNs
Two techniques are commonly used to investigate the dispersion of clay fillers
in an RCN: X-ray diffraction (XRD) and electron microscopy. A study by Morgan
and Gilman 136 comparing the effectiveness of electron microscopy and XRD for
studying PCNs concluded that electron microscopy is better for looking at the
exfoliation state and distribution of clay particles in a nanocomposite, while XRD
is more useful for measuring intercalation of clay. Although no work has been
done systematically comparing the two with RCNs, it is highly probable that the
same characteristics apply.
2.10.1 X-Ray Diffraction
XRD is a technique used for determining the spacings between layers of atoms
in a sample by measuring the diffraction of x-rays as they pass through the sample.
To be effective it requires the interlayer spacing to be very regular, and as such is
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most frequently used for determining the structure of a crystalline material. The
regular spacing of layers in a clay means XRD can also be applied to determine
the interlayer spacing of clay tactoids within a nanocomposite. When a beam
of x-rays of known wavelength passes through the sample some of the photons
are diffracted, producing a ring pattern caused by constructive and destructive
interference. The deflection angles (relative to the undeflected beam) at which
the x-ray intensity is at a peak are related to the interlayer spacings by Bragg’s
Law:
nλ = 2d sin θ (2.31)
where n is an integer representing the order of the diffraction peak, λ is the
wavelength of the x-ray, d is the interlayer spacing and θ is the scattering angle,
which is half the observed angular deflection of the x-rays.
The technique was first used54 to measure intercalation and exfoliation of
OMMT in nylon-6, and has been used many times for the same purposes with
regards to RCNs. Intercalation can be observed by the shifting of the peak to a
lower value of 2θ, representing a greater interlayer separation. Exfoliation cannot
be directly detected, but is often surmised by the absence of any clay-induced peak
in the diffraction pattern. Morgan and Gilman 136 point out that this reasoning
is flawed, and many other factors can be responsible for the disappearance of a
clay-induced peak. In particular, they note that if the clay is not well ordered
throughout the sample then no peak will be produced. It is also impossible to
measure the size of the clay tactoids within the nanocomposite using XRD, as
the intensity of the peak is dependent on a range of parameters.
Many papers use XRD to look at RCNs; some typical examples are Sharif et
al.,137 Teh et al. 116 and Stephen et al. 78 The results vary with the organoclay and
rubber used: For example, Vu et al. 108 claimed to show that one organoclay gave
significant intercalation in ENR-50 but almost complete exfoliation in IR, whilst
another gave complete exfoliation in ENR-50, and a third displayed intercalation
in IR.
Joly et al. 83 used XRD to study two slightly different forms of OMMT (Figure
2.20), one modified with DDA and the other with DSEHA. XRD of the pure
organoclays showed a much larger interlayer spacing for the latter than the former:
3.4nm as compared to 1.9nm. However, there was no mention of the organic
content of either organoclay, which is sure to make a significant difference to
the interlayer spacing. After mixing into NR, the former produced two clear
peaks at 2θ = 2.5◦ and 2θ = 5.5◦, which correspond to inter-layer spacings of
3.5nm and 1.6nm. This means that while some clay particles have undergone
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Mechanical Properties. Typical stress-strain curves
for the pure natural rubber and the composites contain-
ing 10 wt % of modified clay (M2 and M3) are shown in
Figure 5. Even at 10 wt %, the modulus increase is
comparable to that achieved by higher loadings of
conventional micrometer-sized fillers, demonstrating the
advantages of a high-surface-area filler.
Other interesting features of elastomeric networks
can be revealed by plotting the reduced stress ó* [ó* )
ó/(R - R-2)] against the reciprocal of the extension ratio
R (where ó is the nominal stress defined as the force
divided by the undeformed cross-sectional area and R
is the extension ratio, defined as the ratio of the final
length of the sample in the direction of stretch to the
initial length before deformation) (Figure 6). This repre-
sentation is suggested by the Mooney-Rivlin equation16,17
in which 2C1 and 2C2 are constants independent of R.
An unfilled elastomer that cannot undergo strain-
induced crystallization usually displays, at increasing
deformations, a decrease in the reduced stress ascribed
to the affine-phantom transition.16 In the case of
natural rubber, strain-induced crystallization is ob-
served because of the very uniform microstructure of
the polymer chains. It is responsible for the large and
abrupt increase in the reduced stress observed at
deformations approaching the maximum extensibility.
This effect corresponds to a self-toughening of the
elastomer because the crystallites act as additional
cross-links in the network, strain amplifiers, and to
some extent as filler particles. When compounded with
a reinforcing filler, elastomers do exhibit upturns in the
modulus attributed to the limited chain extensibility of
short chains bridging neighboring filler particles.18,19
The upturn in the modulus is observed if a strong
interaction between polymer and filler exists. The
results displayed in Figure 6 show that natural rubber
filled with modified clays obviously exhibits upturns in
the modulus at smaller deformations than that observed
in a pure elastomer. In this case, the upturns in the
moduli are most likely associated with the strain-
induced crystallization. One would expect the interca-
lated polymer chains to be in a more extended confor-
mation than those outside the clay galleries, thus
favoring the crystallization process. A characteristic
feature observed in the infrared of pure natural rubber
upon crystallization is the shift of the C-H out-of-plane
frequency from 837 to 841 cm-1 (Figure 7a). The 841-
cm-1 absorption band can be considered to be specific
to crystalline material.20,21 The same effect is observed
in the presence of clay (Figure 7b).
On the other hand, a large decrease in the modulus
is obtained for the compound with M3 attributed to the
(16) Mark, J. E.; Erman, B. Rubber Elasticity. A Molecular Primer;
Wiley-Interscience: New York, 1988.
(17) Erman, B.; Mark, J. E. Structures and Properties of Rubberlike
Networks; Oxford University Press: New York, 1997.
(18) Bokobza, L. Polymer 2001, 42, 5415.
(19) Bokobza, L. Macromol. Symp. 2001, 169, 243.
(20) Gotoh, R.; Takenaka, T.; Hayama, N. Kolloid Z. Z. Polym. 1965,
20, 18.
(21) Amram, B.; Bokobza, L.; Queslel, J. P.; Monnerie, L. Polymer
1986, 27, 877.
Figure 4. X-ray diffraction patterns for pure organo-modified clays and for polymer composites.
Figure 5. Stress-strain curves for natural rubber (NR) and
for natural rubber filled with 10 wt % of organically modified
clays (M2 and M3).
Figure 6. Mooney-Rivlin plots for the elastomers.
ó* ) 2C1 + 2C2R
-1 (1)
Silicates as Reinforcing Fillers for Natural Rubber Chem. Mater., Vol. 14, No. 10, 2002 4205
Figure 2.20: XRD patterns for OMMT and NR/OMMT nanocomposites (M2 =
OMMT modified with DDA, M3 = OMMT modified with DSEHA). Taken from
Joly et al. 83
expansion, attributed to intercalation of NR molecules between the clay sheets,
some have actually experienced a decrease in inter-layer spacing. The only possible
mechanism for this is that some of the modifying agent is lost into the rubber.
Closer inspection shows that the second peak has a pronounced shoulder that
extends as far as 2θ ≈ 8◦, which equates to an interlayer spacing of 1.1nm. At this
point the clay must have very little if any modifying agent still intercalated, but
the mechanism for de-modification of organoclay during mixing is not discussed,
nor is the source of the replacement cations used to balance the charge on the
clay sheets. The second organoclay, when mixed i o NR, also shows evidence of
intercalation of NR between the clay sheets. In this case, the further peaks at
2θ = 4.4◦, 6.6◦, 8.8◦ are all multiples of the primary peak which is at 2θ = 2.2◦.
The authors attribute these peaks to higher order reflections of the primary
interlayer spacing, rather than de-modification of the organoclay.
2.10.2 Electron Microscopy
Electron microscopy was first developed in the 1930s as a way of producing
images of greater magnification than could be achieved with optical microscopy.
This greater resolutio comes fr m the shorter wavelength of an electron compared
to a photon. Electron microscopy can be divided into two forms: transmissi n
electron microscopy (TEM) and scanning electron mic oscopy (SEM). Of the two,
TEM is by far the more important technique for visualising RCNs, but SEM is
also used in some studies.
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2.10.3 Transmission Electron Microscopy
TEM involves the transmission of a beam of electrons through a very thin
section (∼150nm) of the sample material.138 As the electrons pass through the
sample, some of them are diffracted or scattered away from their original path.
The intensity of the transmitted beam is measured and used to produce an image
of the sample. The contrast in a TEM image comes from the scattering or
diffraction of electrons, unlike in light microscopy where absorption of photons is
the key process in producing contrast. This means that a TEM image may look
considerably different from a optical micrograph of the same sample. It is also
important to remember with TEM that the image is a two dimensional projection
of a three dimensional material. Objects that are close in the TEM image may be
widely separated when the depth of the sample is considered. The other major
limitation of TEM is the small field of view, meaning that the area being imaged
may not be representative of the sample as a whole.
TEM is used in a large number of papers, such as Varghese and Karger-
Kocsis,91 Sadhu and Bhowmick,95 and Wu et al. 77 It has been found to be very
informative about the dispersal and exfoliation of clay particles, and can be used to
measure sheet separation to complement measurements produced by XRD. Scho¨n
et al. 96 also used TEM to corroborate their theory on shear-induced exfoliation
of organoclay, which proceeded via a fan-shaped intermediate (Figure 2.21). The
reproduction quality of TEM images in published papers is very variable, and it
can sometimes be very difficult to observe the features that authors are claiming
to be present.
Figure 2.21: TEM of fan-shaped organoclay particle. Taken from Scho¨n et al. 96
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2.10.4 Scanning Electron Microscopy
SEM produces an image of a sample by detecting electrons scattered from the
sample surface as an electron beam is scanned across the sample.139 A detector
records the number of scattered electrons, which depends greatly on the angle
of incidence of the beam with the surface. This means that steep surfaces and
edges appear to be ’brighter’ than flat surfaces. This gives SEM images a clearly
defined 3D appearance. Unlike TEM, SEM shows only the surface detail of the
sample, and so it cannot be used to probe the internal structure of RCNs. It
has a considerably larger field of view than TEM, but cannot convey the same
amount of information about the composition of the material.
When used with RCNs, SEM has not been a very informative technique in
comparison to TEM. The contrast between the clay and the rubber matrix is not
great, as can be seen in reports such as Bala and Samantaray,140 Nah et al. 111
and Teh et al. 116 However, it is possible to make SEM more informative, as
demonstrated by Fan et al. 141 with a PCN. Here the organoclay was dissolved in
styrene, which was then polymerised to create a PS/clay nanocomposite. When
chemically etched, it was easy to see the distribution of the organoclay on the
fracture surface of the polymer. This had the advantage of being more of a 3D
representation of the clay distribution than is possible with TEM.
2.11 Anisotropy and Filler Orientation
An aspect of nanocomposite behaviour that was of particular interest was
the potential for anisotropy in the physical properties, especially with regards to
sepiolite with its needle-like particles. There was a considerable amount of research
into anisotropic rubber composites in the 1970s,142–145 using fibrous fillers made
of materials such as glass, nylon, carbon and cellulose. These fibres all tended to
have cross-sectional diameters in the range 5-25µm and pre-mixing lengths in the
millimetre range. The length of the fibres made it relatively straightforward to
align them during mixing on a two-roll mill, meaning that the composites showed
considerable amounts of anisotropy in properties like TS and tear strength. The
composites also tended to have a high tensile modulus initially, but yielded at
relatively low strains as the rubber began to de-bond from the fibres.
Anisotropy in RCNs was first investigated by Tian et al. 146 using SBR and
NBR containing attapulgite, a clay mineral with many similarities to sepiolite.
Although TEM images did not show particularly significant amounts of anisotropy,
the modulus and strength measurements were both higher in the projected
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direction of filler orientation compared to measurements made perpendicular to
that direction. The disparity in moduli was increased by milling the rubber in the
same direction for a longer time and by decreasing the inter-roller distance on the
mill to increase the amount of shear force on the rubber. The anisotropic effect
on modulus also increased as more filler was added, due to neighbouring particles
having more influence on each others alignment. Increasing the strain also had
an aligning effect that increased the direction-dependent difference in modulus.
The same research group has published other similar papers147–149 looking at this
area without really finding anything new to say about the anisotropy of these
materials. This means that there is still potential for new methods of studying
and improving anisotropy in similar nanocomposites.
Although the potential benefits of anisotropic behaviour are significant, there
are also a number of constraints on how it can be applied. Firstly, even with
an anisotropic filler there must be a way of aligning the particles to produce
anisotropy in the product. This could come from the mixing process as described
above, in which case the rubber sheets produced by milling must be carefully plied
up to retain the filler orientation, and care must be taken that this is not disrupted
by any flow of material during vulcanisation. Alternatively, a flow process could
be used to align the particles in the product, for example by using an extruder to
produce a tube or a tape. However, this will involve a trade-off between the level
of orientation and the dimensions of the product, as the nanocomposite must be
squeezed through a narrow orifice to align the particles.
The above discussion has all related to rod-like anisotropic fillers like sepiolite
and attapulgite. It is also possible to produce anisotropy with plate-like fillers
like montmorillonite, but it is much more difficult to study such anisotropy and
ultimately exploit it. This is because both the plate-like fillers and the rubber
matrix will naturally align into a plane normal to the direction of applied pressure.
This will mean that the physical properties of the RCN will be identical within the
plane of the sheet but different normal to the sheet. However, actually measuring
the physical properties normal to the sheet is very difficult because the sheet is
normally only a few millimetres thick. As explained above, attempting to increase
the thickness of the rubber vulcanisate will also reduce the ability to orientate
the particles.
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2.12 Summary
Although organoclays are now being commercially exploited for use in poly-
mers, the situation in NR and other elastomers is still immature. Although there
is widespread agreement that organoclays produce substantial effects on physical
properties, such as tensile modulus, the level of reinforcement provided is still
contested. Furthermore, the mechanism of reinforcement has still not been firmly
established. Both of these are important first steps that must be taken before the
importance of other factors can be assessed.
In addition to the basic questions regarding the scale and nature of organoclay
reinforcement of NR, there are a whole host of related areas that have barely
been looked at in the published literature. Silane coupling agents could be as
important for organoclays as they are for silica, but have barely been touched
on in the current literature. OSEP has also not been studied in sufficient depth.
Also, while some work has been done on the effects of the modifying agents used
in organoclays on the properties of rubbers, this has involved primary amine
modifiers rather than the quaternary ammonium salts used in most commercial
organoclays. All of these areas are investigated in this work.
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Materials and Formulations
This section will describe the materials used in this work, and the formulations of
the compounds produced.
3.1 Materials Used
All compounds described in this work were based on NR, of commercial
Standard Malaysian Rubber - Light grade (SMR-L), while the clays were derived
from either montmorillonite or sepiolite. The Nanofil R© clays (Table 3.1), based
on montmorillonite, were obtained from Rockwood Additives (UK), while the
Pangel and Pansil clays, based on sepiolite, came from Tolsa (Spain). Nanofil
588 (M) is an inorganic montmorillonite, while Nanofil R© 8 (OM) and Nanofil R© 5
(OM∗) are OMMT clays containing different levels of the same organic modifier.
Pangel R© B20 is an organo-sepiolite while Pangel R© S9 (mS)and Pansil R© (S) are
both inorganic sepiolites, although Pangel R© S9 is processed in a manner designed
to enhance the breakdown of sepiolite agglomerates.
A number of chemicals were used during the course of this work. The silane
coupling agents bis(3-triethoxysilylpropyl)tetrasulfide (TESPT or Si 69 R©), and 3-
ID code Modifier Inter-layer spacing
Nanofil R© 8 OM 45wt% DDA 3.5nm
Nanofil R© 5 OM∗ 35wt% DDA 2.8nm
Nanofil R© 588 M - 1.25nm
Pangel R© B20 OS ∼10wt% BSDA -
Pangel R© S9 mS - -
Pansil R© S - -
Table 3.1: Specifications of clays used in this work
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mercaptopropyl di(1-tridecanoxypenta(ethylene oxide)) ethoxysilane (MPDES or
VP Si 363 R©) were provided by Evonik, while 3-octanoylthio-1-propyltriethoxysilane
(OTPTS or NXT Silane) was supplied by GE Silicones. Distearydimethylam-
monium chloride (DDAC or Arquad 2HT-75) was obtained from Fluka, while
N -cyclohexylbenzothiazole-2-sulfenamide (CBS), N -dicyclohexylbenzothiazole-2-
sulfenamide (DCBS), N -cyclohexylthiophthalimide (Santogard PVI), polymerised
2,2,4-trimethyl-1,2-dihydroquinoline (Flectol TMQ), sulfur, zinc oxide and stearic
acid were all commercial rubber chemicals. N330 grade (Vulcan R© 3) and N660
grade (Sterling R© V) carbon blacks were obtained from Cabot, while Zeosil R©
1165MP silica was obtained from Rhodia. Styrene for use in Network Visualisa-
tion Transmission Electron Microscopy (NVTEM) was obtained from Aldrich.
3.2 Composition and Production of Materials
This work shall distinguish between a compound, which refers to a single
batch, and a formulation, which refers to a product with a specified composition.
This means that two materials produced using identical ingredients and mixing
procedures would be classified as two different compounds but having the same
formulation. In an attempt to ensure comparability almost all compounds use
the same base formulation, which was varied only when necessary in order to
investigate the effects of various of the standard ingredients on the material
properties. A standard mixing procedure was also used, except when the effects
of the mixing procedure were being studied or when the use of a silane coupling
agent meant that the standard mixing procedure was inappropriate.
3.2.1 Standard Formulation Composition
The base formulation used for the majority of the materials in this work
(Table 3.2) includes curatives (sulfur and CBS), vulcanisation activators (stearic
acid and zinc oxide) and an antioxidant. The base formulation does not include
clay or other fillers, nor does it include other test additives such as DDAC or
silane coupling agent. Of the standard ingredients, the quantity of zinc oxide
was altered on a specified occasion, while the type and content of accelerator
was also adjusted on occasion. The amount of sulfur added was also reduced for
compounds containing the silane coupling agent TESPT, to counteract the extra
sulfur in the polysulfide functionality and so maintain an overall constant amount
of free sulfur in the compound.
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Ingredient Type or Grade Quantity
NR SMR-L 100phr
Zinc oxide - 4phr
Stearic acid - 2phr
Antioxidant Flectol TMQ 1phr
Sulfur - 2.5phr
Accelerator CBS 0.8phr
Table 3.2: Base formulation of NR compounds, excluding fillers and other test
additives
3.2.2 Standard Mixing and Vulcanising Procedures
The standard mixing procedure, used for all compounds unless otherwise
specified, was as follows:
• 1st stage: Internal mixing of compound
– Brabender Plasticorder PL-2000 internal mixer with 350S mixing head
(Banbury-type rotors)
– Rotor speed 85rpm; circulating oil temperature 40◦C
– Timings: 0’ add rubber; 1’ add clay and additives; 2’ sweep; 4’ dump
• 2nd stage: Finalisation of compound
– Add curatives on 12′′ × 6′′ open mill regulated to ∼40◦C
Vulcanisation of the finalised compounds was performed at 150◦C, to t95 as
determined by rheometry (Section 4.1.1), by compression moulding using an
18” steam press. Most testpieces were stamped out from a 9” by 9” by 2mm
sheet using either an air-driven cutter or a manual cutter. The exceptions were
compression set, hardness and DMTS testpieces, which were made using purpose-
designed moulds using compression moulding at 150◦C, and 6mm double bonded
shear (DBS) testpieces, which were vulcanised to t95 at 130
◦C in purpose-designed
moulds by transfer moulding. The reduced temperature was necessitated by
the poor rubber to metal bonding found at 150◦C for compounds with a high
organoclay content, as the rapidity of the curing gave less opportunity for the
bonding agent to react sufficiently to form a strong bond.
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3.3 Variations in Formulation/Mixing Procedure
3.3.1 Basic OMMT and OSEP RCNs
The majority of NR/OMMT (Chapter 5) and NR/OSEP (Chapter 6) nano-
composites described in this work differed only in the type and amount of clay,
and were based on the standard formulation given in Table 3.2 and used the
standard mixing procedure. The compounds were produced in batches, generally
containing between four and six different formulations. The compound designation
denotes the type and quantity, in phr, of clay used, plus a single letter suffix used
to distinguish a compound from those with identical formulations produced as
part of a separate batch: For example, OM-5b contained 5phr of Nanofil 8 and
came from batch b. The batch suffix is only used when necessary to distinguish
compounds with identical formulations in order to avoid ambiguity.
In addition to the RCNs, two types of control compound were also produced
that either contained unmodified clay or were completely unfilled. The former
were assigned a compound designation in the same fashion as the RCNs, meaning
that M-5 contained 5phr of Nanofil 588. Unfilled formulations were designated
as OM-0 or OS-0, with specific compounds identified using batch suffixes.
Variations to Base Formulation
As mentioned above, one batch of compounds investigated the effects of
different levels of zinc oxide in an NR/OMMT nanocomposite. The designations
of the compounds in this batch include terms for both the OMMT content and
the zinc oxide content: for example, OM*-5/ZnO-2 contains 5phr of Nanofil 5
and 2phr of zinc oxide. Other batches of compounds contained different amounts
of the vulcanisation accelerators CBS or DCBS. These have designations of
the form OM-5/DCBS-0.8 with the second term giving the type and amount
of accelerator used. Similarly, a batch of compounds testing the effects of a
pre-vulcanisation inhibitor received designations of the form OM-5/PVI-0.2.
Variations to Mixing Procedure
To compare the effects of different mixing times, three NR/OMMT compounds
were produced with mixing durations of either four minutes (OM*-10/4min),
eight minutes (OM*-10/8min), or twelve minutes (OM*-10/12min). These
compounds consisted of 10phr of Nanofil 5 added to the base formulation, and
the mixing procedure was unaltered apart from the differences in dump time.
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3.3.2 Compounds Containing DDAC
To investigate the effects of the modifying agents used to organically mod-
ified clay minerals into organoclays, compounds were produced containing the
quaternary ammonium salt DDAC instead of clay. The DDAC was added with
the other additives after one minute, and the mixing procedure was otherwise
identical to the standard one for the RCNs described above. The NR/DDAC
compounds has designations of the form D-2, indicating a DDAC content of 2phr.
Unfilled compounds produced as part of this work were designated D-0.
3.3.3 In Situ Modified RCNs
Most RCNs produced by in situ modification of clay (Chapter 8) used the
same base formulation and mixing procedure as the NR/OMMT and NR/OSEP
nanocomposites described above. For these compounds an unmodified clay and a
modifying agent were added to the formulation instead of an organoclay. Both
the clay and the modifying agent were introduced with the other additives after
one minute of mixing. The modifying agent used was DDAC, while the clay
could be either Nanofil 588, Pangel S9 or Pansil. The compound designation for
these materials therefore included a term for the clay and another for the DDAC:
for example, mS-9.25/D-0.75 contained 9.25phr of Pangel S9 and 0.75phr of
DDAC. One batch of three compounds was produced that tested the effect of
mixing duration while keeping the formulation the same, and so included a mixing
duration term in the compound designation: for example, M-6.5/D-3.5/8min.
For control compounds containing clay without any additional modifier, the
compound designation ignores the term for the DDAC content, so 10phr of
Nanofil 588 without DDAC would be M-10 rather than M-10/D-0.
3.3.4 RCNs Containing Silane Coupling Agents
As mentioned in the literature review (Section 2.2.3), effective use of a silane
coupling agent such as TESPT requires more intensive mixing to achieve the
temperatures necessary for reaction of the silane with silanol groups on the silica
surface. It was demonstrated during this work (Chapter 9) that more intensive
mixing was also required to obtain the maximum benefit of TESPT when used
with an RCN.
Effective addition of a silane coupling agent to an RCN required the use of a
more intensive mixing procedure, for the reasons explained in Section 2.2.3. The
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majority of these compounds were produced using a two stage mixing procedure
as follows:
• 1st stage: Internal mixing of compound
– Brabender Plasticorder PL-2000 internal mixer with 350S mixing head
(Banbury-type rotors)
– Initial rotor speed 100rpm; circulating oil temperature 60◦C
– Timings: 0’ add rubber; 1’ add clay and additives; 2’ sweep; 4’ reduce
rotor speed to 80rpm, n’ dump (see compound designation)
• 2nd stage: Finalisation of compound
– Add curatives on 12′′ × 6′′ mill regulated to ∼40◦C
During the initial investigations of the effects of the mixing procedure of
material properties, some compounds were produced using a three stage mixing
procedure, including two internal mixing steps. The general form of this mixing
procedure was as follows:
• 1st stage: Initial internal mixing of compound
– Brabender Plasticorder PL-2000 internal mixer with 350S mixing head
(Banbury-type rotors)
– Initial rotor speed 100rpm; circulating oil temperature 60◦C
– Timings: 0’ add rubber; 1’ add clay and additives; 2’ sweep; 4’ reduce
rotor speed to 80rpm; 5’ dump
• 2nd stage: Continued internal mixing of compound
– Brabender Plasticorder PL-2000 internal mixer with 350S mixing head
(Banbury-type rotors)
– Rotor speed 100rpm; circulating oil temperature 60◦C
– Timings: 0’ add compound; 1’ sweep; 3’ reduce rotor speed to 80rpm;
n’ dump (see compound designation)
• 3rd stage: Finalisation of compound
– Add curatives on 12′′ × 6′′ mill regulated to ∼40◦C
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The compound designations for these nanocomposites contained a term for
the type and quantity of clay, a term for the type and quantity of silane coupling
agent, and a term for the duration of the first and, for three stage mixes, second
internal mixing stages. The notation used for the coupling agents was as follows:
T=TESPT, X=OTPTS, Z=MPDES. Therefore, OM-10/Z-1/7min contained
10phr of Nanofil 8, 1phr of MPDES and underwent internal mixing for 7 minutes,
while OM-10/T-1/5min+3min contained 10phr of Nanofil 8, 1phr of TESPT
and underwent two internal mixing stages of 5 minutes and 3 minutes duration
respectively. The term for the type and quantity of silane coupling agent is
excluded for control compounds without coupling agent.
The RCNs containing silane coupling agent were based on the standard
formulation described in Section 3.2.1 with one exception. Because TESPT
contains approximately 10% free sulfur, the amount of sulfur added during
finalisation was reduced by 0.1phr for every 1phr of TESPT added to keep the
total sulfur content constant. OTPTS and MPDES contained no free sulfur so
no adjustment was required when either of these coupling agents was used.
3.3.5 Compounds Containing Other Fillers
Some compounds were produced that were filled with carbon black or silica,
to provide a comparison to the RCNs. The black-filled compounds involved
the addition of 30phr of carbon black of either N330 grade (CB(N330)-30) or
N660 grade CB(N660)-30) to the base formulation, with no adjustment to the
standard mixing procedure. The silica-filled compound (Si-30/T-2.4) contained
30phr of silica in combination with 2.4phr of TESPT. The base formulation was
adjusted in this case to account for the free sulfur in the TESPT, with a total of
2.26phr of sulfur used instead of the normal 2.5phr. The mixing procedure used
was the same two stage, seven minute procedure described in Section 3.3.4.
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Materials Characterisation
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4.1 Standard-Based Tests
The purpose of standard-based tests is primarily to provide a benchmark to
allow comparisons to be drawn between different compounds, as well as providing
for high levels of reproducibility. The standard physical tests were performed by
the staff of the Product Evaluation and Testing Unit (PETU) of the Tun Abdul
Razak Research Centre (TARRC), while rheometry was performed by staff of
the Industrial Support Unit at TARRC. Testing was performed according to the
relevant published British Standard (BS) or International Standards Organisation
standard (ISO).
4.1.1 Rheometry (ISO 3417:2008)
The vulcanisation behaviour of a rubber compound can be measured and
characterised using an oscillating disc rheometer. All rheometry in this thesis was
performed using a Monsanto Moving Die Rheometer MDR2000E, at 150◦C unless
otherwise specified. The sample (∼5g) is held at constant temperature in a highly
flattened cylindrical sample chamber, forcing the molten rubber into a disc-shape.
The sample is subjected to an oscillating torsional shear strain of small amplitude,
and the torque required to drive the oscillation recorded as a function of time.
Initially the observed torque is low, as there are no crosslinks between the rubber
chains. However, as vulcanisation continues the material stiffens as a network
is formed in the sample. Typically, as the number of crosslinks in the rubber
reaches a maximum, the material displays a peak in the observed torque value.
84
D. J. Lowe, July 2012 Chapter 4. Materials Characterisation Techniques
If rheometry is continued after this point the rubber may undergo “reversion”,
where the torque reduces as crosslinks are broken down faster than they re-form.
There are several key rheometric characteristics that are generally quoted for
rubber formulations. MH-ML is the rise in torque upon curing, MH being the
highest observed torque and ML being the lowest observed torque. Note that
ML is usually observed a short period of time after the rheometric measurements
begin, as the rubber takes a short time to heat up. The time taken to reach MH
is referred to as tmax, while t95 is the time taken to achieve an increase in torque
of 95% of the maximum torque rise. Other useful parameters are tS1, which is the
time at which the torque has risen by 1dNm above ML and indicates the time
required for the onset of curing; and the percentage reversion one hour after the
beginning of vulcanisation.
4.1.2 Tensile Stress-Strain (BS ISO 37:2005)
This technique involves stretching a dumbbell-shaped testpiece until failure at
a constant rate using a tensile testing machine, in this case an Instron 5567. The
force is measured using a load cell, and converted to stress using the unstrained
cross-sectional area of the central section of the dumbbell test-piece. The strain
is determined from the extension of a known length of the central section of the
testpiece, measured using a video extensometer. The results are expressed as
stresses for a given strain, which are frequently (and incorrectly) referred to by
rubber technologists as moduli. Published values are normally for specific strains,
such as the stress at 100% strain (often simplified to M100). Because testpieces
are extended to failure, values are also measured for TS (tensile strength) and
EB (elongation at break) of the material. The standard specifies the use of three
different testpieces, with the median is reported, and this is normally followed in
this thesis. However, more tests can be performed to achieve greater confidence
in the reproducibility of the test and hence the accuracy of the results.
4.1.3 Compression Set (ISO 815:1991)
Compression set provides a measurement of the ability of a rubber compound
to retain its elastic properties when subjected to prolonged compression. The
higher the value, the more permanent deformation the material has undergone.
The test involves compressing a cylindrical sample by 25% for 24 hours at a given
temperature, then allowing the testpiece to relax for 30 minutes. The stated
result is the percentage of the compression retained after the relaxation period
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has ended. Compression set testing in this work used compression temperatures
of 70◦C and 23◦C.
4.1.4 Hardness (ISO 48:1994)
In this test a rigid ball-shaped indenter is applied to a testpiece to produce a
small deformation. Hardness is related to the Young’s modulus of the rubber,150
and is measured by increasing the load from one set value to another. Hardness
measurements are recorded in international rubber hardness degrees (IRHD).
The international standard contains a number of variations on a hardness test,
depending on the size and the hardness of the testpiece. Both the normal testing
method and the micro-testing method were used to measure the hardness of
rubber compounds. Normal tests were performed on a Dunlop-type testpiece,
while micro-testing was done on test-pieces cut from a rubber sheet of 2mm
thickness.
4.1.5 Trouser Tear Strength (ISO 34-1:2004)
There are a number of different methods that can be used to measure the
tear strengths of rubber vulcanisates. These include trouser tear, angle tear
and crescent tear. All of these have advantages and disadvantages, but it was
decided to use trouser tear as it is arguably the most fundamentally related to
the properties of the rubber vulcanisate.
Figure 4.1 is a diagram of a trouser tear testpiece during testing. The legs are
Figure 4.1: Diagram of trouser tear testpiece undergoing testing
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pulled in opposite directions, causing the rubber to tear down the middle. The
tearing energy of the vulcanisate is given by
Ts =
2F
t
(4.1)
where Ts is the tear strength, F is the median value of the peak forces measured
during the test, and t is the thickness of the testpiece. The testpiece is normally
stamped out from a vulcanisate sheet of 2mm thickness, and nicked with a sharp
blade to provide a initial crack. One advantage of the trouser tear technique
is that the precise geometry of the initial razor-cut is of much less importance
than for some other methods. The main disadvantage of this method is greater
variability in measured tear strengths, due to the long tearing distance and the
likelihood that the crack does not run perpendicular through the testpiece and
therefore the actual crack area is greater than the nominal value.
4.2 Non-Standard Physical Tests
Some physical tests performed during the course of this work do not have a
British or International Standard upon which to base the procedure. In these
cases standard internal procedures are followed to provide consistent results. Low
strain tensile testing and 6mm double-bonded shear (DBS) dynamic testing was
performed by the author, while tensile fatigue measurements and dynamic me-
chanical thermal spectrometry (DMTS) was performed by PETU staff. C1 testing
was performed predominantly by the author, with a small amount performed by
PETU staff.
4.2.1 Low Strain Tensile Testing
While the standard tensile stress-strain testing gives a good general view of a
vulcanisate’s tensile properties, it is very poor at accurately gauging behaviour
 
 
 
 
 
 
Figure 1: Taken from U.S. Geological Survey Open-File Report 01-041 
 
Figure 4.2: Dimensions of bongo testpiece
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Figure 1: Taken from U.S. Geological Survey Open-File Report 01-041 
 
Figure 4.3: Gripping method for bongo testpieces: (i) front view (ii) side view
at small extensions (<20%). This is due to a combination of relatively low
data capture rate (∼2% strain per data point), and a relatively large zero error.
Instead, low strain tensile stress-strain behaviour of RCNs was tested using bongo
testpieces (Figure 4.2). Bongo testpieces are designed to be held in specialised
grips that minimise deformation of the unstrained testpiece (Figure 4.3), allowing
accurate measurements at small extensions. When the testpiece is extended,
the shoulders of the testpiece stop it being pulled through the grip, whilst the
spring-loaded plate prevent the testpiece moving in directions perpendicular to
the direction of extension. Stress-strain measurements become less accurate
with increased stress, due to “pull-through” increasing the effective length of the
testpiece.
Low strain tensile stress-strain testing was performed on an Instron 5500 with
a 1kN load cell. Two different testing procedures were used. Test procedure A
involved extension of the testpiece from 0% to 100% and back to 0%, at a rate of
20mm/min, equivalent to 20%/min, with data captured every 0.25% strain. Test
procedure B involved extension, from 0% to 20% and back, at the same strain
rate, with data captured every 0.05% strain.
4.2.2 Low Strain Shear Testing
Measurements of modulus were also made by testing in shear rather than in
tension, using 6mm DBS testpieces (Figure 4.4) and an Instron 4301 fitted with
a 100N load cell. The testpieces were produced by transfer moulding (squeezing
molten rubber into the mould), with the rubber being chemically bonded to the
metal during vulcanisation using a Chemosil 211 / Chemosil 220 system. The
test pieces were strained from 0% to 6% strain at a strain rate of 2%/min, with
data captured every 0.033% strain.
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6mm
25mm
Figure 4.4: 6mm double-bonded shear test piece
4.2.3 Tensile Fatigue Testing
Tensile fatigue testing involves cyclically extending and relaxing a dumbbell
testpiece until failure of the material. The fatigue lifetime of a given material
depends on both the maximum stress/strain reached during the cycle and the
minimum stress/strain reached during the cycle. Increasing the former will
decrease the fatigue life, as more energy is introduced during each cycle. Increasing
the latter will, for some rubber materials, increase the fatigue life, primarily
because strain-induced crystallites formed within the rubber during extension do
not disappear until near total relaxation, making the vulcanisate stronger. For
consistency, the fatigue lifetimes reported here all use a minimum strain of 0%.
Tensile fatigue testing is carried out using a machine built in-house, and
is normally performed under conditions of either constant maximum stress or
constant maximum strain. However, the amount of energy put into the rubber
per cycle is equal to the area under the stress-strain curve. This makes it difficult
to compare the fatigue lifetimes of two materials with significantly different
moduli measured under the same conditions. Constant maximum stress will
disadvantage the softer material, while constant maximum strain will disadvantage
the stiffer material. While this does not always matter depending on the proposed
application, it should be considered when looking at tensile fatigue measurements.
In this thesis both constant maximum stress and constant maximum strain
methods are used: the specific testing conditions will be discussed along with the
results.
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4.2.4 Crosslink Density Measurements
There are two commonly used methods of calculating the crosslink density
of rubber vulcanisates151. One involves swelling the vulcanisate to equilibrium
in a suitable solvent, while the second is based on stress-strain measurements.
The latter method, being that used in this work, is based on the Mooney-Rivlin
equation152,153 (Equation 4.2):
F = 2A0(λ− 1/λ2)(C1 + C2/λ) (4.2)
where F is the force applied to the rubber vulcanisate, A0 is the unstrained
cross-sectional area of the testpiece, λ is the extension ratio, and C1 and C2 are
the Mooney-Rivlin constants. This can be simplified to Equation 4.3:
σ = C1 + C2/λ (4.3)
where σ, the reduced stress, is F/[2A0(λ− 1/λ2)].
It is apparent from Equation 4.3 that a graph of σ against 1/λ for a NR
vulcanisate should give a straight line with a y-axis intercept of C1 and a gradient
of C2. This value of C1 can be converted into nphys, the effective crosslink density,
using the following relationship:
nphys = C1/RT (4.4)
In practice there are some difficulties when using this method to measure
crosslink densities. One is that the Mooney-Rivlin equation begins to break
down at extensions when strain crystallisation and finite extensibility become
significant, normally at around ∼100% strain (1/λ=0.5). Another problem is
that even when the nominal testpiece dimensions are known accurately, the
deformation introduced by clamping the testpiece can alter the effective length of
the testpiece by up to 1mm. This can lead to significant inaccuracies for values
of 1/λ of greater than 0.9. However, it was demonstrated by Campbell et al. 154
that it is possible to determine the effective testpiece length by performing a least
squares fit to the linear section of the curve (0.5 < 1/λ < 0.95), using an iterative
procedure to maximise the correlation coefficient r.
Despite these difficulties this method is generally accepted as being the most
effective way of determining the crosslink density of unfilled NR vulcanisates.
However, it is frequently preferred to use equilibrium swelling data for filled
rubbers because it is more tolerant of filler effects. Nevertheless, unpublished
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work carried out at TARRC by ab Hanan et al. 155 demonstrated that it is possible
to achieve good agreement between measurements of nphys of filled NR vulcanisates
made using equilibrium swelling and a modified version of the stress-strain method.
The modified procedure takes the following form:
• Cut out strips of sample of nominal dimensions ∼130mm × 3mm × ∼2mm.
• Grip testpiece so that a tensile force of 0.09N is registered for a crosshead
separation of 100±0.5mm.
• Extend to an extension equivalent to 200% rubber strain, at an extension
rate equivalent to 25%/min.
• Retract to 0% at 1000mm/min.
• Extend and retract for 4 cycles at 1000mm/min.
• Extend to an extension equivalent to 200% rubber strain, at an extension
rate equivalent to 25%/min, with data captured every 2 seconds.
The scragging of the testpiece prior to the recording of data is required to remove
the majority of the filler-filler and rubber-filler effects, to allow an accurate
estimate of the crosslink density. Similarly, the variation of the extension rate
is necessary because the filler particles are much stiffer than the rubber matrix,
and hence the strain in the rubber itself will be amplified relative to the nominal
strain experienced by the testpiece. For NR containing relative small amounts
of a non-reinforcing carbon black, the strain amplification can be estimated
using the Guth-Gold model of filler reinforcement (Equation 2.8). For example,
when φ=0.05, a 200% rubber strain would correspond to a testpiece extension of
172.6%, while the rate of extension would be adjusted from a nominal 25%/min
to 21.6%/min.
The testing was performed on an Instron 5500 equipped with a 100N load cell,
with the sample strain was determined by the crosshead separation. Analysis
of the data to determine C1 and C2 was performed using a computer program
created at TARRC by Dr D. Campbell. The program calculates the cross-sectional
area of the testpiece from measurements made prior to testing of testpiece length,
width, weight and density. The strain amplification factor (SAF) and l0, the
effective initial length of the tested region, could both be varied to maximise r
for the fit of the experimental data to a straight line over a manually determined
range of values of 1/λ, typically between ∼0.55 and ∼0.95. Each material was
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tested in duplicate, and the values reported in this thesis are an average of the
results of the two testpieces.
4.2.5 Dynamic Mechanical Thermal Spectrometry
DMTS is used to measure G′, G′′ and tan δ for a range of temperatures and
amplitudes of oscillation. The testpiece is effectively a smaller version of the
6mm double-bonded shear testpiece, with two rubber discs of 8mm diameter and
2mm thickness, along with two metal endpieces and a metal spacer. The rubber
discs are glued onto the metal pieces rather than chemically bonded, making it
unsuitable for high strain tests.
The standard in-house testing procedure consists an unmeasured scragging step,
a temperature sweep (measuring dynamic properties at a range of temperatures
and constant strain amplitude), and/or a strain sweep (measuring dynamic
properties at a constant temperature and a range of strain amplitudes):
• Scragging: 20% strain amplitude; 1Hz; 23◦C
• Temperature sweep: 0.2% strain amplitude; 1Hz; Measurements taken at
-30◦C, 0◦C, 30◦C and 60◦C
• Strain sweep: 0.2% to 40% strain amplitude, with 13 measurements taken;
1Hz; 23◦ or 60◦C as specified
The testing is performed in duplicate, and the results included in this thesis are
an average of the two runs.
4.2.6 6mm Double-Bonded Shear Dynamic Testing
Another method of measuring the dynamic properties of RCNs used 6mm DBS
testpieces (Figure 4.4), which were prepared in the same way as for low strain shear
testing. The large testpiece size and strong bonding allows dynamic testing to be
performed over a wider range of frequencies and strain amplitudes than is possible
with DMTS. Testing was performed using a Solartron 1250 Frequency Response
Analyser and a Schenck VHF7 servohydraulic machine equipped with a 7kN load
cell. Testing was performed at room temperature at 1Hz, and typically began
at 0.5-1% strain amplitude and continued until either 150% strain amplitude or
failure of the testpiece.
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4.2.7 Tensile Dynamic Testing
This method was used to measure variation of the dynamic properties of RCNs
over a temperature range from -30◦C to +60◦C. Testing was performed in tension
rather than in shear, using an Instron 1271 servo-hydraulic test machine fitted
with a 1kN load cell, and an Instron 3119-402 temperature control cabinet. The
testpieces had dimensions of 150mm by 20mm by 2mm, and were gripped with
a crosshead separation of 140mm. To prevent the testpieces from fully relaxing
during a cycle, a tensile pre-strain of 2.5% and a strain amplitude of 1% were
used. The applied wavefunction was sinusoidal in form, with nine frequencies
tested that increased approximately logarithmically from a minimum of 0.1Hz to
a maximum of 10Hz.
4.3 Transmission Electron Microscopy
In the published literature, both TEM and XRD are heavily used to provide
analysis of the exfoliation and intercalation states of organoclay particles in RCNs.
TEM was the dominant method used to investigate RCNs in this work, as it
could be performed within TARRC. As well as standard TEM images, a variation
called Network Visualisation Transmission Electron Microscopy (NVTEM), which
was developed at TARRC, was also used.156 In NV-TEM an RCN is swollen in
styrene, the styrene is polymerised, and a thin section examined by TEM. A
constrained phase separation occurs when the styrene swells into the areas of
weakness in the rubber, in this case particularly at the rubber-filler interface.
Staining the sample, for example with osmium tetroxide, produces a very large
contrast between the stained rubber and the unstained PS (polystyrene).
4.3.1 TEM Experimental Details
All microtomy and TEM imaging described in this report was performed by
the Materials Characterisation Unit at TARRC. Sample preparation prior to
microtomy was performed by the author. Thin sections, estimated at 80-120nm in
thickness, were cut from samples from the vulcanised sheets at low temperature
(about -110◦C) using a RMC MT-7000 ultra-microtome with a CR-21 cryo-unit
with a 45◦ glass knife set at a shallow clearance angle. The sections were collected
on TEM nickel grids with the aid of ethanol and examined without staining using
either a Philips EM300 transmission electron microscope operating at 100kV or a
Philips CM12 transmission electron microscope operating at 80kV.
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4.3.2 NVTEM Experimental Details
Styrene (99%, inhibited with 10-15ppm 4-tert-butylcatechol) was prepared
for use in NVTEM by the following procedure: the styrene was washed free of
its inhibitor with 1.0M sodium hydroxide solution (3 × 150ml), washed with
water (3 × 150ml), dried overnight over anhydrous calcium chloride and then
dosed with diphenylpicrylhydrazyl (1mg per 100g of styrene) to inhibit premature
polymerisation of the styrene.
To prepare samples for NVTEM, vulcanisates were extracted in refluxing
acetone overnight using a Soxhlet apparatus to remove the antioxidant and other
soluble chemicals that might interfere with polymerisation of styrene. The samples
were then dried in vacuo to remove the acetone that may have swollen into the
rubber, before swelling to equilibrium in styrene, containing 2 wt% di-n-butyl
phthalate and 1.5 wt% benzoyl peroxide, for 48-72 hours. The swollen sample was
then trimmed to approximately 2mm × 2mm × 10mm in size before sealing in a
gelatine capsule with a covering of the styrene solution. The capsule was then
heated at 68◦C in a metal block in an oil bath to initiate polymerization of the
styrene. Polymerisation was usually completed overnight, although on occassion
heating was extended if the capsule was not hardened sufficiently.
Ultra-thin sections, estimated at 100-150 nm in thickness, were taken from
the swollen vulcanisate (embedded in PS) at low temperature (about -110◦C)
with a LKB Ultratome V ultra-microtome using a 45◦ glass knife set at a shallow
clearance angle, collecting the sections on nickel grids. The sections were either
unstained or stained in osmium tetroxide vapour for 1 hour. They were examined
with either a Philips EM300 transmission electron microscope operating at 100kV
or a Philips CM12 transmission electron microscope at 80kV. Some sections were
relaxed prior to staining by brief exposure to xylene vapour from a wick. The
section was removed from the vapour as soon as any visible relaxation occurred.
4.4 X-Ray Diffraction
XRD was used to investigate the amount of intercalation occurring in a range
of RCNs. It was performed in the X-Ray Diffraction Unit in the School of
Engineering and Materials Science at QMUL using a PANalytical XPert PRO
diffractometer using a Cu target (λ=0.15418nm). Depending on the sample the
lowest value of 2θ tested varied between 1◦ and 2◦, while the upper limit varied
between 30◦ and 70◦. Braggs Law (Equation 2.31) was used to ascertain the
d -spacing of the clay layers in the nanocomposites.
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4.5 Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) was used to measure Tg of NR vul-
canisates. A sample was cooled to -100◦C and heated to room temperature at
20◦C per minute, and the heat flow into the sample recorded. DSC measurements
were performed using a Perkin Elmer “Pyris Diamond” system equipped with
Cryofil liquid nitrogen cooling for sub-ambient operation. Prior to testing the
temperature and heat flow calibration of the machine was checked using a certified
mercury standard, with an acceptable calibration error of ±2◦C.
Because there is not a single generally accepted definition of Tg, two of the
more common definitions were reported. These are the onset temperature, given
by the intersection of tangents drawn to the baseline (prior to glass transition)
and the glass transition slope; and T1/2, which is the point halfway along the
glass transition slope.
4.6 Thermo-Gravimetric Analysis
Thermo-gravimetric analysis (TGA) was used to study the thermal decompo-
sition of organoclays. A sample was heated in nitrogen from 25◦C to 800◦C at a
rate of 30◦C per minute while the mass of the sample was constantly recorded.
Once the temperature reached 800◦C oxygen was admitted to burn off any carbon
residue. All TGA measurements were made using a “Pyris 1” system supplied by
Perkin Elmer.
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NR/OMMT Nanocomposites
5.1 Introduction
Although there has been a number of papers published on NR/OMMT
RCNs,83,84,91,108,113,114,157 there is considerable disagreement between the proper-
ties reported in each case. As these results therefore could not be relied upon, it
was necessary to repeat some previous work, which could then be compared to
the published literature. This work was an important first step because, as well
as establishing the true behaviour of OMMT when used as a reinforcing filler,
it would also produce a baseline measurement against which other work can be
compared.
The primary aim of this initial work was to establish how OMMT changes the
mechanical properties of NR and to justify this with reference to the microstructure
of these RCNs, as determined using TEM and XRD. A second aspect of this work
was an investigation into the effects of OMMT on sulfur vulcanisation, as the
literature review showed that it could have a considerable accelerating effect that
might be problematic for some potential applications.
5.2 Microstructure of OMMT RCNs
The fundamental cause of the different behaviour displayed by PCNs and
RCNs compared to more conventional composites is the distribution of highly
shaped nanoparticles within the polymeric matrix. To explain the properties of
NR/OMMT nanocomposites requires an understanding of the microstructure of
these RCNs, which was achieved using TEM and XRD.
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5.2.1 Transmission Electron Microscopy
The most effective method of ascertaining the microstructure of filled NR
vulcanisates is to image them directly using TEM. TEM was first performed on
OM-5a (Figures 5.1 and 5.2), revealing that the majority of the OMMT had been
partially exfoliated into tactoids (particles comprised of between two and twenty
clay sheets stacked face-to-face). There was also a considerable number of fully
exfoliated sheets, as well as a few much larger particles that appeared to exist in
two forms. The first kind was quite angular with a number of straight edges, and
is believed to be composed of stacks of clay sheets that have not exfoliated at
all, presumably because the clay was insufficiently modified. The second type of
particle was irregularly shaped, and is thought to be composed of zinc oxide.
On a larger scale, it is apparent in Figures 5.1 and 5.2 that the OMMT was
preferentially orientated in one direction, although there was still considerable
variation between individual particles. Although the images do not reveal the
macroscopic orientation, it is believed that the clay particles were actually aligned
in the plane of the rubber sheet. The alignment could be caused by either the
milling the compound underwent towards the end of mixing, or by the pressure
applied to the molten rubber during vulcanisation before crosslink formation
began.
To fully appreciate the impact of organo-modification on the clay, it is instruc-
tive to compare the nanocomposite OM-5a with the unmodified clay composite
M-5 (Figure 5.3). The unmodified montmorillonite is very difficult to exfoliate,
so it was almost entirely present in the form of large particles with no visible
layers, while the few smaller particles visible were still significantly larger than
the vast majority of particles in OM-5a. There are also occasional large particles
in M-5 that resemble the few large particles in the RCN. It is believed that these
are lumps of zinc oxide that have not be fully broken down during mixing, though
it is also possible that they are unmodified clay particles.
It is also worth looking at how the nanocomposite microstructure changes
at higher OMMT concentrations. This is illustrated in Figure 5.4, which is a
high magnification TEM image of the compound OM-30f. It is important to
notice that the range of particle sizes is similar to that seen for OM-5a, with
relatively few tactoids consisting of more than 10 sheets. However, there are a lot
of apparent inter-particle interactions visible in this image, which would greatly
increase the stiffness of the material. It also appears that the average particle
size is larger than in OM-5a, although this is very difficult to quantify. This is
explained as a result of particles being restricted from exfoliating by the other
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Figure 5.1: Low magnification TEM of OM-5a
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Figure 5.2: High magnification TEM of OM-5a
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Figure 5.3: Low magnification TEM of M-5
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Figure 5.4: High magnification TEM of OM-30f
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particles in very close proximity. However, this cannot be an insurmountable
problem as there are still a large number of single sheets and two or three sheet
tactoids visible in this image. Another difference from OM-5a is that some large
particles show quite poor alignment with the overall orientation of clay sheets
in this image. This is also attributed to the influence of neighbouring particles,
which may physically restrict the larger particles from assuming their favoured
conformation.
5.2.2 X-Ray Diffraction
As described in the literature review (Section 2.10.1), XRD can be another
informative way of looking at the microstructure of RCNs. Though it cannot
provide conclusive evidence about the exfoliation state of the clay within the
rubber, it does allow the interlayer separation of the clay sheets to be measured.
This will show that if, for example, the intercalation level of the OMMT changes
due to the infiltration of polymer chains between the clay sheets.
XRD was used to look at two OMMT RCNs (OM-10d and OM*-10g) that
contained identical amounts but different types of OMMT, as well as samples of
the clays Nanofil 8 (OM), Nanofil 5 (OM*) and Nanofil 588 (M). The aim was
to establish if the interlayer spacings of the organoclays changed after mixing into
rubber, and also to investigate the difference in modification between the two
organoclays. The Nanofil 588 was included as a benchmark to show the expected
interlayer spacing of unmodified montmorillonite.
Nanofil 588 produced a single broad peak centred at approximately 2θ=7.1◦,
which from Bragg’s law (Equation 2.31) is equivalent to an interlayer spacing
of 1.25nm. Both Nanofil 5 and Nanofil 8 showed clear evidence of organic
modification, with their main peaks shifted to considerably lower values of 2θ.
However, the intercalation level of the two organoclays appeared to be significantly
different, with Nanofil 5 giving a single peak at 2θ=2.7◦ (3.3nm) while Nanofil
8 showed two peaks, at 2θ=2.4◦ and 2θ=4.5◦ (3.7nm and 1.95nm respectively).
There also appeared to be a small amount of unmodified montmorillonite still
present in the organoclays, particularly in the Nanofil 5 sample, showing that the
modification performed by the manufacturer was incomplete.
Unlike the organoclays, OM-10d and OM*-10g showed very similar XRD
patterns, with two distinct peaks as well as a broad flat peak around 2θ=7◦
attributed to unmodified montmorillonite. Although the peak positions were
slightly different, at 2θ=2.7◦ (3.3nm) and 2θ=4.7◦ (1.9nm) for OM*-10g and
at 2θ=2.45◦ (3.6nm) and 2θ=4.7◦ (1.9nm) for OM-10d, it appears that the
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Figure 5.5: XRD patterns of Nanofil clays and NR/OMMT nanocomposites
RCNs have almost identical microstructures despite the different nominal organic
contents of the organoclays. There was also a peak present at 2θ=9.6◦ for both
RCNs, which is attributed to the presence of talc on the surface on the vulcanisates.
Although not intentionally used in this case, talc is often used to coat freshly
vulcanised rubber to prevent tackiness, and may have contaminated the surface
during sample preparation.
Comparing OM-10d with the Nanofil 8 sample shows no change in the position
of the first peak, while the difference between the positions of their respective
second peaks is small enough to be ignored given the recorded fluctuations in
X-ray intensity in the experimental data. This implies that the intercalation
state of Nanofil 8 is basically unaffected by mixing into NR. By contrast, the
single peak seen for Nanofil 5 is still present in OM*-10g, but a second peak
is found in the RCN that has no analogue in the clay. This suggests that the
intercalation level in Nanofil 5 is changed by mixing into NR. It is speculated that
this represents de-intercalation of DDA (distearyldimethylammonium) cations
into the rubber matrix. This would also explain the high vulcanisation activity of
the OMMT (Sections 5.3.2 and 5.4.1), as DDA cations that are trapped between
clay sheets cannot become involved in any vulcanisation chemistry. Although the
peak positions for OM-10d are unaltered, it cannot be ruled out that the relative
frequency of the 3.6nm spacing and the 1.9nm spacing has changed because
the intensity of the peaks in the XRD pattern cannot be used as a proxy for
abundance. This means that it is possible that significant de-intercalation has
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also occurred in OM-10d, again leading to the pronounced effects of the OMMT
on the vulcanisation behaviour.
5.3 Basic Properties of OMMT RCNs
5.3.1 Standard Tensile Stress-Strain Testing
Tensile modulus and tensile strength (TS) are the most widely studied physical
properties of rubber vulcanisates, despite very few practical applications requiring
precise control of tensile properties. This is primarily because they are so straight-
forward to measure, but they can also indicate improvements in other physical
properties that are of more practical value, such as tear strength or G∗. The
literature review contained many reports of tensile stress-strain measurements of
OMMT RCNs (Section 2.7.4), the vast majority of which claim improvements in
both modulus and strength. However, there was significant variation in the exact
level of reinforcement reported, even between similar formulations.
To investigate the effect of OMMT content on tensile modulus and TS, four
NR/OMMT nanocomposites were compounded with Nanofil 8 contents of 1phr
(OM-1a), 2phr (OM-2a), 5phr (OM-5a) and 10phr (OM-10a), as well as an
unfilled control compound (OM-0a). Three further batches (designated b, c,
and d) were also created, each comprising five formulations identical to those
produced in batch a. The aim was to determine the average tensile properties
of the RCNs, and assess their reproducibility. A compound was also produced
that contained 5phr of the unmodified montmorillonite Nanofil 588 (M-5), as a
comparison with OMMT.
Each of the five NR/OMMT formulations underwent twelve tensile tests
(three testpieces for each compound in the four batches), with the median stress-
strain curve for each formulation shown in Figure 5.6. Even small amounts of
OMMT significantly increased the tensile modulus, with the biggest increase
(relative to the unfilled control) seen at low strains. By comparison, unmodified
montmorillonite had a very slight negative effect on tensile modulus.
Addition of OMMT also caused the characteristic upturn in modulus of NR
at high deformations (Section 2.3.1) to occur at a lower strain than in the unfilled
rubber. This is primarily attributed to the filler causing strain amplification
effects in the rubber: the filler prevents the rubber being deformed isotropically, so
some regions experience strains much greater than the net strain of the testpiece.
Another aspect of this is the constrained mobility of rubber chains that have been
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Figure 5.6: Median tensile stress-strain curves for OMMT batches a-d: 0-500%
extension. Also including compound M-5 for comparison. Markers are for
indication only
absorbed onto the surface of filler particles, which is discussed in more detail
in Section 5.3.1. It is also hypothesised that the clay nanoparticles may induce
localised alignment of rubber molecules, which will then act as nucleating points
for strain-induced crystallisation causing crystallites to form more readily.
As mentioned above, there was also interest in the variability of the experi-
mental data for each of the five formulations. Table 5.1 shows the mean values of
the tensile modulus measurements at 50%, 100% and 300% strain as well as TS,
with the standard deviation for each in brackets afterwards. Assuming a normal
distribution around the mean, 95% of all measurements should be within the two
standard deviations of the mean value. This also assumes that the results used
to calculate the standard deviation were independent of each other. This is not
necessarily true, as it is possible that the testpieces from the same compound
would be more likely to give similar results. It is difficult to draw a firm conclusion
about this from the available data, but it seems that the variation was just as
great between testpieces from the same compound as between testpieces from
different compounds of identical formulation.
Table 5.1 shows that the OMMT has a large impact on mean tensile modulus,
with M50 and M100 for OM-10 being twice as large as for OM-0. While
in absolute terms the impact of OMMT on modulus increases with strain, in
105
D. J. Lowe, July 2012 Chapter 5. NR/OMMT Nanocomposites
M50 [MPa] M100 [MPa] M300 [MPa] TS [MPa]
OM-0 0.53 (0.03) 0.85 (0.03) 2.10 (0.11) 31.6 (2.8)
OM-1 0.63 (0.05) 1.03 (0.05) 2.60 (0.17) 30.6 (2.2)
OM-2 0.70 (0.04) 1.13 (0.05) 2.76 (0.11) 30.7 (2.6)
OM-5 0.86 (0.04) 1.38 (0.05) 3.02 (0.15) 31.6 (2.9)
OM-10 1.08 (0.04) 1.71 (0.04) 3.44 (0.08) 30.3 (1.9)
Table 5.1: Mean tensile moduli and tensile strengths, with standard deviations in
brackets, for OMMT batches a-d
percentage terms the increase in modulus is much greater at low strains. The
effectiveness of a unit of filler decreased somewhat as the total quantity of OMMT
increased, and this was more pronounced at higher strains. This is attributed
to the modulus of the NR matrix being increased by the OMMT acting as a
vulcanisation accelerator (Section 5.4.2).
OMMT content does not appear to have a large effect on variability, as σ for
M50 and M100 was similar for all formulations, albeit slightly smaller for OM-0
than the RCNs. This suggests that most of the variation in tensile modulus
either results from the measuring technique used or is intrinsic to all such NR
vulcanisates, because of, for example, variations in crosslink density. Little
if any variation is attributable to filler-related variability, such as inconsistent
filler dispersion or variable exfoliation levels. While the variability of M300 was
considerably larger, and differed significantly for different formulations, there still
seemed to be no relationship between the degree of variation and OMMT content.
Although OMMT had a big effect on tensile modulus, it did not have an
obvious effect on TS. Although some variation was seen between formulations,
the difference in the respective mean strengths was smaller than the standard
error in the mean, which is estimated using
Standard error = σ/
√
ns (5.1)
where ns is the sample size, which in this case was 12. The standard error in the
TS varied between 0.5MPa and 0.9MPa for different formulations, making all the
results consistent with a constant mean TS of ∼30.8MPa. This is not to suggest
that TS is completely unchanged by the addition of OMMT, but simply that
it is not possible to discount this possibility from the experimental data. It is
believed that part of the reason is the high intrinsic strength of NR, which makes
it difficult for any filler to substantially increase TS: Previous literature reports
have suggested that OMMT produces large increases in TS for synthetic rubbers
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with lower intrinsic strengths (Section 2.7.4). Also, it should be noted that the
TS of M-5 was slightly reduced from that of OM-0, to 27.8MPa. This suggests
that the presence of filler particles that are poorly compatible with the rubber
matrix can reduce TS, although the difference is not sufficiently large to entirely
discount random variation.
OMMT Batch e
OMMT batch e also consisted of formulations containing up to 10phr of
OMMT, although the intermediate OMMT contents increased differed to those
used in batches a-d. The primary purpose of these compounds was for measure-
ments of Young’s modulus at 1% strain as part of the work discussed in Chapter
7, but it was also of interest to see how their tensile stress-strain measurements
compared with the previous results.
The stress-strain curves (Figure 5.7) show that adding OMMT has a large
effect, particularly at low strains, which agrees with the previous results. This
is even clearer in Figure 5.8, which shows the variation with strain of Etan,
the tangent tensile modulus, which is the gradient of the stress-strain curve.
Although there is a clear distinction between different OMMT contents initially,
the modulus-strain curves converge as the RCNs are extended. However, there
is still a significant difference between the moduli of the RCNs and that of the
unfilled control OM-0e. For further discussion of this point see Section 5.4.4. TS
was consistently higher than the values for the similar vulcanisates in Table 5.1,
but were still comfortably within the expected range of values. There was also no
significant variation as OMMT content increased, agreeing with the proposition
that OMMT does not affect the TS of NR when used in these quantities.
OMMT Batch f
The purpose of batch f was to study the effects of larger OMMT contents than
had been investigated previously. As expected, tensile stress-strain testing showed
that the extra OMMT produced further increases in tensile modulus (Figures 5.9
and 5.10). It was noted for batches a-e that the increase in modulus was greatest
at very low strains, and that behaviour was also seen here. Furthermore, the
modulus increase produced by a unit of filler at low strains actually grew with
increasing OMMT content, meaning that the filler was becoming more effective
as concentration increased. However, the decline in tensile modulus with strain
also became more rapid as OMMT content increased, so by about 50% strain
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all three RCNs showed approximately the same level of filler effectiveness. The
cause of the increased reinforcing efficiency is discussed in Section 5.5.1.
Although using larger OMMT contents increased modulus considerably, it had
a negative effect on TS. While the TSs of OM-0f and OM-10f were within the
95% expectation ranges for these formulations (Table 5.1), decreased strength was
observed for both OM-20f and OM-30f. Although the decline for OM-20f was
sufficiently small that it could be due to experimental variation, the reduction in
strength for OM-30f was large enough that it is very likely to be a real feature.
This is attributed to strain amplification effects within the rubber, as the rubber
that is not in close proximity to filler particles must undergo more extension to
compensate for the lack of extension of the very stiff filler particles.
OMMT Batch g
For this batch of compounds Nanofil 5 (OM*) was used instead of Nanofil
8. Both organoclays contain the same organic modifier, although the nominal
organic content of Nanofil 5 was slightly lower, at 35% rather than 45%. Batch
g was compounded to check that both organoclays behaved in a similar fashion
when used as a filler for NR. The formulations were identical to those of batch f
except for the use of Nanofil 5 instead of Nanofil 8.
Standard tensile stress-strain measurements of these RCNs showed broadly
similar behaviour to OMMT batch f. As in the previous case, the higher OMMT
contents were especially effective at increasing tensile modulus at very low strains
(Figures 5.11 and 5.12). The most interesting feature is the similarity of the stress-
strain curves for OM*-20g and OM*-30g. While the latter had a significantly
greater tensile modulus initially, by approximately 50% strain the moduli of the
two RCNs had converged. Comparing these materials to those in the previous
batch, OM*-20g has a modulus considerably greater than that of OM-20f and
the modulus of OM*-10g is slightly larger than that of OM-10f, although
OM*-30g is of similar modulus to OM-30f. Overall, the two types of OMMT
seem to have very similar effects on the tensile properties, and while Nanofil
5 may seem to have a slightly greater effect on modulus than Nanofil 8, it is
within the bounds of expected experimental variation.The TS of OM*-30g is
significantly reduced from that seen for the other materials in this batch, and is
smaller than that seen for OM-30f. However, the TSs of the other RCNs are in
keeping with what had been observed for the Nanofil 8 nanocomposites.
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Figure 5.10: Variation of Etan with strain for OMMT batch f : 0-150% extension
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Figure 5.11: Tensile stress-strain measurements for OMMT batch g: 0-500%
extension
0
2
4
6
8
10
12
0 50 100 150
E t
an
/ 
M
P
a
Strain / %
OM*-30g
OM*-20g
OM*-10g
OM*-0g
 
  
Figure 5.12: Variation of Etan with strain for OMMT batch g: 0-150% extension
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Figure 5.13: Tensile stress-strain curves for different NR compounds: 0-500%
extension
Comparison With Other Fillers
To better understand and appreciate the effectiveness of OMMT as a filler
for NR, it is necessary to compare it with the two most commonly used types
of reinforcing filler: carbon black and silica. Two compounds were created
containing 30phr of carbon black, of N330 and N660 grades (CB(N330)-30
and CB(N660)-30 respectively), and one containing 30phr of silica and 2.4phr
(8wt%) of the silane coupling agent TESPT (Si-30/T-2.4). An unfilled NR
compound was also produced as a control.
When comparing the tensile stress-strain properties of these compounds with
those of a suitable NR/OMMT nanocomposite (OM-20f), the differences are
immediately apparent (Figure 5.13). At low strains, tensile modulus is increased
much more by OMMT than by the other fillers, but the organoclay is much less
effective at raising modulus at high strains. More insight is provided by looking
at the variation with strain of Etan, the tangent tensile modulus. In this case
Etan at the strain at which the ith measurement was taken is calculated from the
differences in stress and stress between the (i-1 )th and the (i+1 )th data points.
Figure 5.14 shows that the modulus of OM-20f is much greater than that of the
other vulcanisates below 40% strain, when the moduli of all four materials are
decreasing significantly with strain. However, at around 50% strain Etan begins
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Figure 5.14: Variation of Etan with strain for different NR compounds: 0-500%
extension
to gradually increase again for the black- and silica-filled compounds, while it
continues to drop for OM-20f until approximately 200% strain.
The greater modulus of the RCN at small strains is believed to result primarily
from the high aspect ratio of the organoclay particles, as opposed to the spherical
silica or carbon black particles (see Chapter 7). The main contribution to the
initial decline in Etan with strain for all of the fillers comes from the disruption
of networks of interacting particles, in a similar fashion to the Payne or Mullins
effects. The continued decline in Etan for OMMT is attributed to a combination of
interfacial slippage, as rubber molecules slide over the surface of OMMT particles,
and de-wetting of the rubber from the filler particles, leading to cavitation. These
mechanisms are thought to be more significant in an NR/OMMT nanocomposite
than with carbon black or silane-treated silica due to a combination of relatively
weak rubber-filler interaction and the concentration of stress at the tips of the
highly shaped filler particles. The treatment of OMMT with silane coupling agent
to increase the strength of the rubber-filler interface is discussed in Chapter 9.
A related issue is the cause of the earlier upturn in modulus seen with carbon
black or silica, and to a lesser extent with OMMT, compared to the unfilled NR.
One possible mechanism, as proposed by Fukahori,158 is the presence of a volume
of elastomer chains around the filler particles that is poorly crosslinked, allowing
significant movement, but are considerably constrained due to partial absorption
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onto the filler surface. When the concentration of filler is sufficiently high these
regions will overlap, forming a network within the rubber. When the rubber is
strained, molecules that are absorbed onto two particles will experience much
higher strains than the bulk rubber, and so will rapidly reach the limits of their
extensibility, causing the upturn in modulus to begin at lower nominal strains.
This mechanism explains the tensile stress-strain behaviour of the different types
of filler particle studied as follows:
• With carbon black the rubber is strongly absorbed onto the filler particles,
and so the vulcanisates demonstrate a relatively early upturn in modulus.
N330 has a slightly larger effect because it is more highly structured than
N660 and so a larger network is formed.
• With silane-treated silica the absorption onto the surface is less good, but
there are some very strong chemical bonds between the filler and the rubber
network. This means that the upturn in modulus generally occurs at a
higher strain than with carbon black.
• Although the NR is compatible with the hydrophobic organoclay, interaction
between the two is still not as strong as for NR with carbon black or silane-
treated silica. This will limit the effectiveness of this mechanism because of
interfacial slippage and ultimately de-wetting as the stresses become too
high.
This also explains why the eventual upturn in modulus for unfilled NR is steeper
than for the filled materials; the NR molecules will be affected by finite extensibility
and strain crystallisation much more suddenly than if some were experiencing
strain amplification from the filler particles.
5.3.2 Vulcanisation Behaviour of OMMT RCNs
The literature review (Section 2.7.2) describes previous reports of OMMT
accelerating the sulfur vulcanisation of some elastomers, including NR. Rheometry
of batches a-e confirmed this, and demonstrated that the magnitude of the
acceleration was considerably larger than had been expected from the literature
reports.
OMMT Batch a
Figure 5.15 shows the results of the rheometry performed on OMMT batch a.
The biggest effect of adding OMMT was on the cure onset or scorch time (tS1),
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Figure 5.15: Rheometry of OMMT batch a at 150◦C
which was halved from ∼9 minutes to ∼4.5 minutes by the addition of just 1phr
of OMMT. It continued to fall rapidly as more OMMT was added, reaching ∼1.5
minutes for OM-5a and just under one minute for OM-10a. The time required
for 95% cure completion, t95, was also reduced significantly. This was primarily
due to the shorter scorch time, but the organoclay did have some additional
effect on the cure rate, as t95-tS1 decreased from eight minutes for OM-0a to five
minutes for OM-10a.
Torque rise upon vulcanisation (MH-ML) was also larger for the RCNs than
for the unfilled rubber. The value of MH-ML is often assumed to be related to
the high temperature modulus of the vulcanised rubber, which was increased
by the addition of OMMT (Section 5.3.1). However, MH-ML for the RCNs did
not increase with OMMT content as one would expect if it were correlated with
modulus; in fact it decreased slightly. A final observed effect of adding OMMT
was an increase in reversion, as measured after 60 minutes. This went from ∼14%
for OM-0a to ∼22% for OM-1a, a very large increase for such a small amount
of filler. Even more reversion was seen with higher OMMT loadings, reaching
∼27% for OM-10a. However, some of this effect will result from the shorter cure
times produced by OMMT, as this means that more of the 60 minute period will
be in the overcure phase.
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Figure 5.16: Cure onset time for OMMT batches a-e at 150◦C
omparison of Batches a-e
To demonstrate that the above trends were consistent, tS1, t95-tS1, and MH-ML
were plotted against OMMT content for batches a-e, all of which consisted of
formulations containing up to 10phr of OMMT.
Beginning with the vulcanisation parameter most affected by OMMT, tS1, it
was found that identical formulations showed relatively little variation compared
to the large changes prompted by the OMMT (Figure 5.16). Interestingly, tS1
varied considerably less for the RCNs than for the unfilled NR compounds. The
reason for this is unknown, but it is speculated that DDA can replace another
reactant involved in the scorch stage that might be unevenly distributed through
the rubber, such as CBS or zinc oxide.
Figure 5.17 shows that t95-tS1 varied more between identical formulations than
tS1 did, although the results were still reasonably consistent. Similarly, there
was no pattern of one batch having consistently longer or shorter curing times
than the others. This suggests that the observed variation is due to differences in
dispersion of additives within the rubber. The effect of OMMT on t95-tS1 is small
when compared to the very large effect on tS1, which implies that the OMMT is
involved in the vulcanisation process during a relatively early stage.
In contrast to the scorch and curing times, MH-ML showed consistent trends
within a batch but big differences between batches (Figure 5.18). This suggests
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Figure 5.17: Curing time for NR/OMMT batches a-e at 150◦C
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Figure 5.18: Torque rise upon vulcanisation for NR/OMMT batches a-e at 150◦C
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that measurements of MH-ML are subject to a significant external influence, such
as inconsistent torque measurement by the rheometer, although this has not been
proven. Within batches, MH-ML was increased by the first addition of OMMT,
after which it either remained constant or showed a slight decline. This reaffirms
the lack of correlation with room temperature measurements of tensile modulus
mentioned above.
OMMT Batch f
Rheometry of OMMT batch f, with OMMT contents of up to 30phr, (Figure
5.19) showed that the vulcanisation behaviour had both similarities and differences
to the trends observed for batches a-e. For example, the rate of decrease in tS1
with filler content had slowed a lot as the OMMT content approached 10phr,
and this trend continued to much higher OMMT contents, with only a small
further reduction noted. This was probably because tS1 was so short that other
factors had become rate-limiting, such as the time needed for the rubber to
heat up or shortage of another reactant. However, t95-tS1 did continue to reduce
significantly over this range of OMMT contents, from 5 minutes for OM-10f to
2.5 minutes for OM-30f. In some respects this was quite surprising, given that
OMMT had a much bigger effect on scorch time than cure time at levels below
10phr. However, the difference in cure time between OM-10f and OM-20f was
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Figure 5.19: Rheometry of OMMT batch f at 150◦C
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similar in magnitude to that between OM-0f and OM-10f. Finally, the most
obvious change in the vulcanisation behaviour as OMMT content increased was
the much lower values of MH-ML recorded for OM-20f and OM-30f. This is
believed to be due to poor breakdown of the filler, as evidenced by the presence
of undispersed clay particles visible to the naked eye within the unvulcanised
RCNs. This is discussed further in Section 5.4.3.
OMMT Batch g
Rheometry of OMMT batch g (Figure 5.20) allowed the impact of Nanofil 5 on
vulcanisation behaviour to be compared with the measurements for batch f, which
contained the same quantities of Nanofil 8. It was found that Nanofil 5 produced
a very similar level of vulcanisation acceleration as the other OMMT clay: tS1 for
batch f and g compounds with the same OMMT content were effectively identical,
although t95-tS1 was slightly shorter for OM-20f and OM-30f than their batch
g counterparts. Also, MH-ML was again considerably smaller for the more highly-
filled RCNs than with only 10phr of OMMT. Perhaps the main difference between
the two batches is in the degree of reversion observed: while 30phr and 10phr
produces similar amounts of reversion for both batches, OM*-20g gives less
reversion than OM-20f. This may be due to different organic contents in the
two organoclays, or it may simply be experimental variation.
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Figure 5.20: Rheometry of OMMT batch g at 150◦C
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5.3.3 Summary of Initial Results
The tensile stress-strain measurements demonstrated that OMMT has a large
effect on tensile modulus, although TS is affected relatively little because NR has a
high intrinsic strength. The obvious cause of the increased tensile modulus is that
the OMMT is acting as a reinforcing filler. However, the rheometry of the same
compounds revealed that it also acts as a vulcanisation accelerator, which would
lead to crosslinks becoming shorter and more numerous. The increased crosslink
density would also cause increased tensile modulus, and so it is important to find
out the relative importance of the two different modulus-increasing mechanisms
that can occur in OMMT RCNs.
5.4 Investigation of Reinforcement Mechanism
5.4.1 Confirmation of DDA as Active Component
It has previously been proposed8,97,159 that the cause of the increase in the
vulcanisation activity of OMMT was due to the organic quaternary ammonium
salt used to modify the clay into an organoclay. This was confirmed by comparing
a compound containing a known amount of DDAC (D-1.75), the modifying
agent used in Nanofil 8 and Nanofil 5, with a compound containing a quantity of
OMMT such that the amount of DDA is the same (OM*-5). Although the clay
itself would be expected to have some effect on the vulcanisation properties, the
scorch and cure times would still be expected to be quite similar.
Rheometry of OM*-5 and D-1.75 (Figure 5.21) strongly supports the hy-
pothesis that DDA is responsible for OMMT acting as a vulcanisation accelerator.
tS1 for the two compounds was very similar, and the correlation between the two
rheometry traces continued until approaching cure completion. t95-tS1 is fraction-
ally longer for OM*-5, which is believed to be due to some ammonium cations
being inaccessible as they are intercalated between clay sheets. Interestingly,
MH-ML was smaller for OM*-5 than for D-1.75, which is not what would be
expected for a compound containing reinforcing filler. This is believed to be due
to relatively poor interaction between the rubber and the organoclay compared to
other fillers such as carbon black. Whereas with carbon black the filler is strongly
linked to the rubber network, the weak bonds between the organoclay and the
rubber produce what are, in effect, voids in a crosslinked polymer network. A
slightly higher effective crosslink density in D-1.75 could also explain the reduced
reversion when compared to OM*-5.
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  Figure 5.21: Rheometry of NR containing OMMT or DDAC at 150
◦C
5.4.2 Effect of DDA on Properties of NR
As DDA acts as a vulcanisation accelerator, it would be expected to also have
an effect on tensile modulus as it will make vulcanisation more efficient, leading to
a greater number of shorter crosslinks. It was considered that this could make a
large contribution to the increased tensile modulus seen with OMMT that would
otherwise be attributed to filler reinforcement. To confirm whether or not this
was the case, a number of compounds were produced, based on the standard
formulation defined in Section 3.2.1, with DDAC contents of up to 5phr. Though
many NR/DDAC formulations were produced, only a representative sample will
be discussed here. For a full list of formulations see section 3.3.2.
Vulcanisation Behaviour
Figure 5.22 shows that, for DDAC contents up to 1phr, tS1 and t95-tS1 varied
with DDAC content in a manner very similar to that seen with OMMT, with
the former decreasing substantially and the latter decreasing by a smaller but
still significant amount. MH-ML behaved differently, showing a continual gradual
increase with DDAC, unlike the trend with OMMT of increasing initially but
then levelling off and finally declining for the highest OMMT contents. The
cause of this different behaviour must lie with the clay somehow. One plausible
mechanism is that as OMMT content increases the crosslink density and hence
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Figure 5.22: Rheometry of NR/DDAC formulations at 150◦C
MH-ML increase also, because of the DDA, but this is cancelled out as the clay
interacts relatively weakly with the rubber matrix and so the formation of a
large-scale crosslink network is impaired.
Another interesting result was that, although vulcanisation behaviour for
small DDAC contents (≤1phr) was as expected, at higher DDAC contents the
cure rate slowed suddenly and sharply midway through the curing stage, resulting
in significantly longer cure times. As this result was so unexpected, it was checked
to ensure that it was not due to slippage during rheometry, and was shown to
occur for repeated measurements and with different compounds. The proposed
explanation is that any DDA that does not react during the scorch phase to
form an intermediate complex will then react with another reactive intermediate
produced during the vulcanisation phase. This decreases the concentration of this
reactive intermediate, thereby reducing the rate of the reaction. The reaction of
DDA with the intermediate appears to be reversible, since MH-ML does not seem
to be adversely affected as might be expected if some curatives were permanently
removed from the reaction. The exact nature of this reaction is discussed further
in Section 5.6.1.
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Figure 5.23: Tensile stress-strain measurements for NR/DDAC compounds: 0-
300% extension
Tensile Properties
From Figure 5.23 it is apparent that DDA alone has a markedly different
effect on tensile stress-strain properties to OMMT. While OMMT significantly
increases tensile modulus at low strains, the initial impact of DDA is much smaller.
However, from around 100% strain the DDA produces an increase in modulus
that is attributed to increased crosslink density. The rate of increase of modulus
in this region is comparable with that shown in Figure 5.6. Taken together, it
can be inferred that OMMT increases tensile modulus at low strains by a filler
reinforcement mechanism but that this diminishes with increasing extension, at
which point the increased crosslink density becomes the dominant reinforcing
mechanism.
TS is unaffected by small amounts of DDAC, but for quantities of 1phr or
greater there is a significant decline. This is believed to be caused by the higher
effective accelerator content making vulcanisation more efficient and so leading
to more numerous but shorter crosslinks. Because monosulfidic crosslinks do not
break as easily as longer crosslinks, the rubber cannot dissipate stress by breaking
them and so TS is reduced. It is also possible that the DDAC is acting as a
plasticiser of the NR, which would also cause a reduction in TS by reducing its
Tg.
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5.4.3 Crosslink Density
Crosslink Density of OMMT RCNs
Rheometry and tensile stress-strain measurements indicated that the reinforce-
ment produced by OMMT was due in part to DDA increasing the crosslink density
of the NR matrix. To confirm and quantify this, the crosslink density of some
NR/OMMT nanocomposites were calculated from their C1 values, determined
using the procedure described in section 4.2.4. As part of the process to determine
the best fitting value of C1 to the experimental data, the strain amplification
factor (SAF) for the filled vulcanisates was empirically determined. The results
of C1 testing for batches e and f are shown in Table 5.2.
It is clear that the empirical SAF values are considerably greater than the
values for the same volume fraction calculated using the standard Guth-Gold
model (Equation 2.8) normally used to estimate strain amplification by fillers. This
is because this model assumes that filler particles are spherical, while organoclay
particles have a high shape factor. Using the modified Guth-Gold (mGG) model
(Equation 2.9), which is adapted for particles with a high shape factor, allowed
the shape factor that corresponded to the empirical SAF to be estimated. This
decreased considerably as the OMMT content increased. However, this model is
deficient in several respects, which are discussed in detail in Chapter 7.
The crosslink density results showed that nphys, the number of crosslinks per
unit volume, was changed by the addition of OMMT. The general trend is for
the crosslink density to be significantly increased initially, but then to remain
constant within an estimated margin of error of approximately ±2mol.m−3 over
Guth-Gold Empirical Calculated C1 nphys
SAF SAF shape factor [g.cm−2] [mol.m−3]
OM-0e 1 1 n/a 1730 69
OM-2e 1.03 1.23 18 2100 83
OM-4e 1.07 1.35 12.5 2070 82
OM-6e 1.11 1.54 11.3 2040 81
OM-8e 1.15 1.71 10.3 2025 80
OM-10e 1.19 1.79 9 2090 83
OM-0f 1 1 n/a 1750 69
OM-10f 1.2 1.68 8 2050 81
OM-20f 1.45 2.25 6.5 2000 79
OM-30f 1.75 2.98 6 1600 64
Table 5.2: Crosslink densities of OMMT batches e and f
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Empirical Calculated C1 nphys
SAF shape factor [g.cm−2] [mol.m−3]
OM*-0g 1 n/a 1830 72
OM*-10g 1.70 10.5 2200 87
OM*-20g 2.27 8 2270 90
OM*-30g 2.99 7.25 2000 79
Table 5.3: Crosslink densities of OMMT batch g
a wide range of OMMT contents, and ultimately declining significantly at the
highest OMMT content studied. This behaviour is very similar to the trend
seen for the vulcanisation parameter MH-ML (Figure 5.18), which suggests that
MH-ML value of an RCN may be controlled by its crosslink density rather than
by its modulus. The single exception to the trend of increased crosslink density
is OM-30f, for which nphys was actually smaller than for either of the unfilled
vulcanisates OM-0e and OM-0f. This is believed to be the result of the large
number of filler particles interacting only weakly with the rubber, producing what
are in effect voids within the rubber network. This means that while the rubber
itself is still highly crosslinked, the rubber requires less force to strain as voids
are easily formed within it.
Nanofil 5 was expected to have less effect on crosslink density than Nanofil 8,
because it has a lower nominal organic content and so the effective accelerator
content would be lower. However, nphys for the RCNs in batch g (Table 5.3)
was significantly higher than for the analogous compounds in Table 5.2. This is
difficult to justify, but when considering both the tensile properties (Section 5.3.1)
and some of the other properties reported below, it seems reasonable to conclude
that, at least for the samples of OMMT used for this work, the modification levels
of the two organoclays are more similar than the nominal values suggest. It is
also noteworthy that the empirical SAFs for batches f and g are almost identical,
which might be coincidental but may also indicate that the two clays are also
almost identical.
Crosslink densities of NR/DDAC formulations
NR/DDAC formulations also underwent C1 testing to directly establish the
magnitude of the increased crosslink density produced by DDA. Table 5.4 shows
that nphys continually rises with increasing DDAC content. This differs from
OMMT, where it increases initially before levelling off, and is actually decreased
at the greatest OMMT contents studied. This also means that the highest values
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C1 nphys
[g.cm−2] [mol.m−3]
D-0.2 2070 82
D-0.4 2140 85
D-0.6 2220 88
D-1 2290 90
D-2 2440 96
D-4 2630 104
Table 5.4: Crosslink densities of unfilled NR/DDAC compounds
of nphys seen for the NR/DDAC compounds are considerably greater than the
highest values seen with OMMT. This corroborates the conclusion that the clay
forms gaps in the large-scale crosslink network due to poor rubber-filler interaction.
It was also noted that the slowing rate of increase of nphys as DDAC content grows
indicates that other factors must also be involved. For example, the number of
crosslinks present in the vulcanisate will ultimately be limited by the amount of
sulfur available.
It is also interesting to compare the results of these crosslink density measure-
ments to the MH-ML results determined using rheometry. It has been suggested
in the past that MH-ML is related to the modulus of the compound being tested,
but the results of this work suggest that nphys has a much better correlation
with MH-ML. For example, with these compounds there is a relatively sharp
increase in both nphys and MH-ML from unfilled vulcanisates such as OM-0e to
D-0.2, with a continued increase for higher DDAC contents that gradually slows
down. Similarly, for batch e, there is an initial increase after which both nphys
and MH-ML remain effectively static.
5.4.4 Effect of Crosslink Density on Tensile Properties
By comparing the above crosslink density measurements to the tensile stress-
strain measurements made on the same compounds, it is possible to draw some
conclusions about the relationship between crosslink density and the tensile
moduli of NR/OMMT nanocomposites. Beginning with batch e, nphys is broadly
the same for all of the RCNs, and higher than for the unfilled vulcanisate OM-0e.
The modulus of the RCNs above 100% strain is also quite similar, and significantly
greater than for the control compound, but is strongly dependent on OMMT
content at low strains. This suggests that low strain reinforcement is due to
filler reinforcement of the rubber, while at higher strains the modulus increase is
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mainly the result of increased crosslink density.
Looking at batches f and g provides even stronger evidence for different
sources of modulus increase at low and high strains. In particular, OM-30f and
OM*-30g have lower crosslink densities than the other RCNs in their respective
batches, yet have greater tensile moduli, particularly at extensions of less than
20%. The best explanation for this behaviour is that the rigid OMMT particles
stiffen the NR matrix considerably while bonded to it, but because the rubber-filler
interface fails at relatively low strains the reinforcing effect declines rapidly with
strain. Although high OMMT contents will produce higher crosslink densities,
there will also be more cavitation which will have an opposite effect on the
crosslink density.
Increasing the crosslink density will also have increase TS initially, as it
makes the rubber more resistant to rapid tearing. However, TS will eventually
peak and then start to decline as the rubber cannot deform so easily due to the
concentration of crosslinks, meaning that the stress remains concentrated at the
crack tip and so requires less energy to grow by a given amount. This is the most
likely explanation of the decrease in TS seen for the highest OMMT contents
studied.
5.4.5 Comparison of Nanofil 8 and Nanofil 5
According to the information provided by the manufacturer, Nanofil 8 and
Nanofil 5 contain the same modifying agent, DDA, but in different quantities:
Nanofil 8 has a total organic content of 45% while for Nanofil 5 it is 35%.
The different modification levels of the two organoclays means that they would
be expected to have similar but distinctly different effects when added to NR.
However, rheometry, tensile stress-strain and crosslink density measurements all
showed that the two organoclays were more similar than expected. To get an
objective assesment of the amount of organic modification in the two organoclays,
both were tested using TGA to see how much weight each one lost during heating
to 800◦C. For comparison purposes the unmodified montmorillonite clay Nanofil
588 was also tested.
It was found that both OMMT clays had similar total weight losses, of 38.4%
for Nanofil 8 and 39.3% for Nanofil 5. This suggests that the difference in
organic content between the two organoclays is much smaller than claimed by the
manufacturers. Further evidence for this comes from the XRD results reported in
Section 5.2.2, which shows that Nanofil 8 and Nanofil 5 have average interlayer
spacings of 3.5nm and 3.3nm respectively, compared to 3.5nm and 2.8 nm as
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reported by the manufacturers. Considering all of these results, it was concluded
that while the two clays are not completely interchangable, they are close enough
that in most circumstances one would expect to get very similar if not identical
results regardless of which type of OMMT is used.
5.4.6 Effects of Mixing Duration
Another issue that might affect the reinforcement provided by OMMT is the
degree of exfoliation. As the improvements in mechanical properties produced by
OMMT is primarily due to the high aspect ratio of the particles, it was felt that
if the organoclay could be exfoliated more extensively, the mechanical properties
would be further improved also. It was suggested that one way of achieving
this would be to subject the RCNs to more prolonged or intensive mixing. To
test this, three identical formulations were produced using mixing procedures
of four minutes (OM*-10/4min), eight minutes (OM*-10/8min) and twelve
minutes (OM*-10/12min) duration. The four minute mixing procedure is given
in Section 3.2.2, while the other mixing procedures were identical in all respects
except for their longer dump times.
It was expected that increasing the mixing time would only cause small
changes in vulcanisation behaviour even if exfoliation was greatly increased.
These potential changes included slight decreases in tS1 and t95-tS1 as more DDA
ions were exposed, and perhaps an increase in MH-ML, either due to more
crosslinking for the same reason or because of increased filler reinforcement. Table
5.5 shows that tS1 and t95-tS1 did indeed show slight decreases for OM*-10/8min
and OM*-10/12min compared to OM*-10/4min, although MH-ML showed
no consistent variation. It can also been seen that ML shrank fractionally, perhaps
because the amount of mastication received by the rubber increased.
The tensile properties (Figure 5.24) did not show any differences between the
compounds that could be attributed to the different durations of mixing they
had received. It had been expected that if the OMMT was not exfoliated more
tS1 t95-tS1 ML MH-ML Peak Rate
[m:ss] [m:ss] [dNm] [dNm] [dNm/min]
OM*-10/4min 1:08 5:23 0.69 8.17 3.34
OM*-10/8min 1:01 5:09 0.61 8.00 2.98
OM*-10/12min 1:01 5:06 0.55 8.21 3.11
Table 5.5: Vulcanisation parameters of OMMT RCNs mixed for different durations
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Figure 5.24: Tensile stress-strain measurements of identical OMMT RCNs mixed
for different durations
after extended mixing, then the extra mastication would cause a slight decrease
in tensile modulus. This means that either the extra exfoliation and the extra
mastication cancelled each other out, or that neither mechanism produced any
appreciable effect on tensile modulus. TEM images showed no obvious differences
between OM*-10/4min and OM*-10/12min, suggesting that little change in
exfoliation level had occurred despite the differences in mixing time.
5.5 Other Properties of OMMT RCNs
5.5.1 Low Strain Tensile Stress-Strain Testing
The standard tensile stress-strain measurements had shown that the higher
amounts of OMMT were particularly reinforcing at very low strains, but the
measurements produced by this method were not very accurate in this region.
To rectify this, small-scale tensile stress-strain tests were performed using a
different technique, referred to as bongo testing due to the use of bongo-type
testpieces, that minimised deformation of the testpiece at zero extension. Because
the measurements would be increasingly inaccurate as strain increased due to
testpiece deformation, the test procedure involved stretching only to 100% strain,
followed by retracting to zero strain. For more details see Section 4.2.1.
129
D. J. Lowe, July 2012 Chapter 5. NR/OMMT Nanocomposites
The results of these tests confirmed the idea from the standard stress-strain
measurements that the OMMT was most reinforcing at low strains. Figure 5.25
shows that above ∼20% strain, while there was a net increase in modulus with
additional OMMT, the effectiveness of the reinforcement per unit of filler declined
significantly. However, below 10% strain the reinforcing effectiveness actually
increased as more organoclay was added. The increased modulus at very low
strains for the higher OMMT contents can be seen more clearly on Figure 5.26, as
can the rapid decline in modulus as strain increases. The cause of the transient
decreases in modulus below 5% strain observed for all three RCNs is not known
for certain, but is believed to be due to the testpieces shifting slightly in the grips
as they are strained.
While a small proportion of the decline in modulus with strain can be at-
tributed to deformation of the testpiece as it was extended, the majority must
be due to filler effects that are rapidly disturbed as the rubber is strained. One
possibility is the presence of a network of interacting filler particles within the
rubber. The effects of filler networking would only become significant above a
critical concentration, when the average distance between clay particles is small
enough to allow many particles to interact and large networks to develop. Above
the requisite concentration the number of interactions would be expected to grow
rapidly causing a rapid increase in modulus with filler content. However, when
the rubber is strained, the particles move apart and the number of filler-filler
interactions decreases rapidly. Another possibility is that the large modulus
results from the hydrodynamic effects of having highly shaped filler particles
dispersed in the rubber. The rapid decline represents failure of the rubber-filler
interface under strain leading to cavitation within the rubber that diminishes the
magnitude of the hydrodynamic effects.
As well as the stress-strain curve for the extension of the testpieces, Figure
5.24 also shows how the stress in the rubber diminishes as the testpieces are
returned to zero strain. This allows a comparison of the elasticity of the different
rubber vulcanisates by looking at the extension at which the tensile force returns
to zero during retraction. This phenomenon of incomplete recovery of shape after
deformation is known as set. Whilst only a very small amount of set was observed
for the unfilled NR vulcanisate after being strained to 100%, it increased at a
rate approximately proportional to the amount of filler present. This shows that
there has a significant amount of creep in the vulcanisate, most probably due
to interfacial slippage of the polymer over the filler, and also disruption of filler
particles and agglomerates under strain.
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Figure 5.25: Tensile stress-strain measurements for OMMT batch f using low
strain method
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Figure 5.26: Variation of Etan with strain for OMMT batch f using low strain
method: 0-20% strain
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Figure 5.27: Hardness measurements for NR/OMMT nanocomposites
5.5.2 Hardness
The hardness of a rubber vulcanisate is strongly related to its modulus at
small strains, and so it would be expected to increase significantly with OMMT
content. Figure 5.27 shows the combined hardness results for batches a, e, f
and g. The results are more concentrated at low OMMT contents, although the
results for 20phr and 30phr meant that the hardness behaviour at higher levels
was not ignored.
Hardness was increased substantially by the addition of OMMT, with no
difference observed between Nanofil 8 and Nanofil 5. As well as the median
results for each vulcanisate, Figure 5.27 also shows a linear trendline plotted
using the entire set of hardness measurements. The fit of the results with the
trendline is very good, with very little scatter, suggesting a linear relationship is
a reasonable approximation to the true situation over the range of organoclay
contents studied. However, the relationship must ultimately deviate from linear
as hardness asymptotes to 100 on the IRHD scale.
It is also worth comparing the hardness results for the RCNs with those for
NR containing either carbon black or silica (Table 5.6). The increase in hardness
seen with 30phr of carbon black was equivalent to that seen with 10phr or less of
OMMT, while silica had an even smaller effect than that. This is attributed to
the exceptionally large increase in small strain tensile modulus seen with OMMT
compared to more conventional fillers.
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Hardness [IRHD]
Testpiece 1 Testpiece 2
CB(N660)-30 52 52 51 51 51 51
CB(N330)-30 56 56 56 56 56 56
Si-30/T-2.4 46 46 46 46 46 45
Table 5.6: Hardness measurements for compounds containing carbon black or
silane-modified silica
5.5.3 Compression Set
Compression set testing was performed on NR/OMMT nanocomposites to see
how the elastic behaviour of rubber was altered by the addition of OMMT (Figure
5.28), with the initial testing using a compression temperature of 70◦C. As with
hardness, an approximately linear relationship was observed between the amount
of compression set and OMMT content, although there was more experimental
scatter in the compression set data for identical formulations in different batches:
for example, 10phr of OMMT gave compression set measurements varying between
46% and 60%. The results within a single batch tended to be more consistent,
indicating that the differences were probably systematic rather than random. This
could be due to either variations in the cure conditions or the testing conditions.
The compression set seen with the highest OMMT contents was very large,
with both OM-30f and OM*-30g giving results of ∼83%, which equates to a
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Figure 5.28: Compression set measurements for NR/OMMT nanocomposites at
23◦C and 70◦C
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Compression Set
At 70◦C At 23◦C
CB(N660)-30 42% 44% 45% 4% 5% 6%
CB(N330)-30 44% 44% 45% 5% 6% 6%
Si-30/T-2.4 36% 37% 39% 5% 5% 6%
Table 5.7: Compression set measurements of compounds containing carbon black
or silica filler at 23◦C and 70◦C
recovery of only one sixth of the applied compression. By comparison, Table 5.7
shows that 30phr of carbon black had almost no effect on compression set at
70◦C and only a small effect at 23◦C, while the same amount of silane-modified
silica actually reduced compression set at 70◦C compared to unfilled NR. This
demonstrates that the conventional fillers do not affect the elasticity of the rubber
because the strong rubber-filler interaction prevents the dissipation of stress due
to permanent deformation of the composite structure.
The large increase in compression set seen with OMMT is believed to come
from a combination of two sources. The first is the extended heating to which
the test pieces are subjected, which causes some of the polysulfidic crosslinks in
the rubber to break and new crosslinks to form. These new crosslinks are formed
in locations suitable for the compressed state of the rubber testpiece, rather than
its original shape, and so when the load is released these crosslinks will tend to
prevent the rubber completely recovering its initial form. The second mechanism
is the effect of the compression on the filler particles, which could manifest itself
in a number of ways: either de-bonding from the rubber matrix, disruption of
filler networks, or deformation of tactoids or agglomerates of tactoids. When the
force is removed the resultant restoring force is diminished, producing an effective
decrease in elasticity.
Compression set in the unfilled vulcanisates is primarily attributed to the first
mechanism, although a small amount of creep is also expected. The amount of
set produced by this mechanism is expected to increase with OMMT content,
because the DDA acts as a vulcanisation accelerator and so will increase the rate
of crosslink migration. Clearly the second mechanism will also grow in magnitude
as the amount of filler is increased. To separate these different causes of increased
compression set, testing was repeated for batches e and g but with the 24 hours
of compression performed at 23◦C instead of 70◦C (Figure 5.28). It was assumed
that the filler effects would be of similar magnitude at both temperatures, while
bond migration would be greatly reduced by the drop in temperature.
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Reducing the compression temperature caused the measured value of compres-
sion set for OM-0e to drop from 40% to 5%, and from 50% to 9% for OM*-0g.
All of this decrease is assumed to result from reduced bond migration because
of the lower temperature. OM-2e showed a sharp rise in compression set at
70◦C that was much less pronounced at 23◦C, implying that the DDA in the
organoclay causes significant additional crosslink migration. The other RCNs
in this batch showed similar or lower compression set at 70◦C, corresponding
with the rheometry of these compounds (Section 5.3.2), which showed a large
accelerating effect for a small OMMT content that does not increase much for
higher content. However, batch a showed a much smaller initial increase, which
tends to refute this argument.
At 23◦C the trend for batch e was for a slight increase in set with OMMT
content. Since little bond migration was expected at this temperature, it suggests
that filler effects were becoming gradually more important. This is expected to
account for some of the increase seen at 70◦C also, although this is clearly a
substantial amount of random experimental variation in these results.
For batch g, comparing the results at 23◦C and 70◦C for OM*-0g and
OM*-10g suggested that bond migration was responsible for two thirds of the
difference in compression set at 70◦C, with the other third due to filler effects. The
differences in compression set between OM*-10g and OM*-20g, and between
OM*-20g and OM*-30g were effectively identical at both temperatures. This
implies that the increase in set is not temperature related and so is probably due
to filler effects rather than increased bond migration.
A second way of estimating the effect of OMMT on bond migration during
compression set testing was to look at the effect of DDAC on set at both temper-
atures. As no filler was present, any changes seen would be due to differences in
the rate of bond migration. Table 5.8 shows that at 70◦C the DDAC had quite a
Compression Set
At 70◦C At 23◦C
D-0.2 40% 40% 41% 3% 3% 4%
D-0.4 41% 41% 42% 2% 2% 3%
D-0.6 42% 43% 43% 3% 3% 3%
D-1 40% 41% 42% 2% 2% 3%
D-2 33% 34% 36% 1% 2% 2%
D-4 35% 35% 35% 2% 3% 3%
Table 5.8: Compression set measurements for unfilled NR/DDAC compounds at
70◦C and 23◦C
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Figure 5.29: Tear strength measurements for OMMT batches e and g
small effect, with an increase in set at first followed by a significant decrease for
D-2 and D-4. Because there was no control compound included in this batch of
compounds, it is difficult to estimate the effect of the initial addition of DDAC,
since median compression set values for unfilled vulcanisates in other batches vary
between 37% and 50%. However, it is expected that it increased it by between
0% and 5%. In any case, these results suggest that the amount of set attributable
to bond migration during compression is smaller than was estimated from the
previous results.
5.5.4 Trouser Tear Strength
Although OMMT had been shown not to increase the TS of NR, it was still
felt that it might improve strength in other ways, for example by increasing the
resistance of the vulcanisate to tearing. To investigate this, the tear strength of
the RCNs was measured using a trouser tear method.
Figure 5.29 shows that while there was a considerable amount of scatter in the
tear strength results for batch e, there was no clear sign of either an increase or
decrease. This implies that OMMT particles do not impede crack growth at the
microscopic level. Although the particles themselves will be resistant to tearing,
the crack must skirt around the particles, presumably following the relatively weak
rubber-filler interface. The particles themselves are relatively small compared
to most grades of carbon black or silica, making the path to tear around them
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Tear strength [kJ/m2]
CB(N660)-30 8.17 10.80 12.11 12.30 12.41
CB(N330)-30 11.37 11.61 15.79 15.82 17.74
Si-30/T-2.4 5.31 5.60 6.71 7.28 8.65
Table 5.9: Tear strength measurements of compounds containing carbon black or
silane-modified silica
shorter. As expected, there is a high degree of scatter in the experimental data,
and while some vulcanisates show greater consistency than others, this is not
believed to be statistically significant.
Trouser tear strength testing of batch g (Figure 5.29) also showed there to
be no consistent difference in tear strength between an unfilled vulcanisate and
one containing 10phr of OMMT. However, OM*-20g seemed to have a raised
average tear strength compared to the previous two materials, while the average
tear strength of OM*-30g was greater still. The most likely explanation is that
the material is above the percolation threshold: the concentration of particles is
high enough that most are in contact with each other, forming bigger effective
units that require more energy to circumvent. Alternatively, the overlap of the
regions of constrained rubber surrounding each filler particle (Section 5.3.1), may
also increase the tear strength for higher concentrations of filler.
Comparing the RCNs to those of the conventional NR composites (Table 5.9
shows that 30phr of OMMT was comparable in terms of trouser tear strength to
the same amount of N660 carbon black. The more structured N330 carbon black
had a greater tear strength due to its greater propensity to form strong networks
of filler particles that require more energy to disrupt. The silane-modified silica
had a surprisingly low tear strength, which is attributed to the fixed chemical
bonds between the silica and the rubber that prevent slippage at the interface,
and therefore makes the material more brittle at the microscopic level.
5.5.5 Tensile Fatigue
Tensile fatigue measurements have been made for these compounds under
conditions of constant maximum stress and constant maximum strain. Batches
a and b were tested to a constant nominal maximum stress of 1MPa, showing
increased fatigue life as OMMT was added. However, the vulcanisation also
displayed much higher than expected stress relaxation, meaning that the real
value of the maximum stress was considerably lower than the nominal value.
Table 5.10 shows that the median tensile fatigue lifetime, given in kilocycles
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Fatigue lifetime [kcs]
OM-0e 206.9 288.9 391.5
OM-2e 143.4 201.2 260.6
OM-4e 151.8 164.1 195.6
OM-6e 99.2 134.4 148.7
OM-8e 130.3 210.9 213.5
OM-10e 106.0 106.6 140.3
Table 5.10: Tensile fatigue lifetime measurements of OMMT batch e under
conditions of constant maximum strain of 100%
(kcs), at a constant maximum strain of 100% fell by almost a third following the
addition of just 2phr of OMMT. This results from the large increase in modulus
produced by even small amounts of OMMT, particularly at low strains. Fatigue
lifetime continued to trend downwards as OMMT content increased, as expected
given the greater modulus of the more highly filled RCNs, although OM-8e was
an outlier to this trend.
Tensile fatigue measurements of batch f, in this case under conditions of
constant maximum strain of 50%, also showed a substantial decrease in fatigue
lifetime as OMMT content is increased. As with the previous batch, this is
entirely expected because the large increase in tensile modulus produced by the
organoclay means that much more energy is being put into the testpiece during
each cycle. While the decline in fatigue lifetime is very large between OM-0f and
OM-10f, the difference between the latter and the more highly-filled vulcansiates
seems relatively small considering the substantial difference in modulus. However,
it is difficult to know whether to consider this an improvement or not.
One source of data that be used for comparison with these results is found
in the Engineering Data Sheet (EDS) series of unfilled and carbon black-filled
NR vulcanisates published by TARRC. Each sheet gives a formulation along
with a comprehensive description of the mechanical properties of the compound,
including dynamic properties. Some examples of EDS compounds that provide
Fatigue lifetime [kcs]
OM-0f 8923.6 >9671.1 >9671.1
OM-10f 589.5 971.3 2516.9
OM-20f 274.4 449.1 486.4
OM-30f 78.9 383.6 383.6
Table 5.11: Tensile fatigue lifetime measurements of OMMT batch f under
conditions of constant maximum strain of 50%
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an interesting comparison with the RCNs are EDS26, EDS27 and EDS28, which
contain 25phr, 45phr and 65phr of N762 carbon black respectively. It is difficult to
see any consistent differences in tensile fatigue lifetime between these compounds
due to the inherent variability of tensile fatigue testing. However, there is some
indication that the fatigue life decreases slightly for the higher black contents
at the smaller maximum strains listed. The cause of the decrease in both cases
will probably be the increase in modulus requiring more energy to be put into
the testpiece per cycle. The effect on the fatigue life being less apparent for the
carbon black is for the same reason that the tear strength is greater, namely that
it forms stronger rubber-filler bonds than the OMMT does and so it is harder for
a crack to propagate around the filler particles.
5.5.6 Dynamic Properties
DMTS Measurements of OMMT Batch f
As a reinforcing filler, it was anticipated that OMMT would have a major
impact on the dynamic properties of an NR vulcanisate. The literature review
describes some published reports of the dynamic properties of OMMT RCNs,
which generally include increases in the dynamic modulus and the loss tangent
compared to control compounds (Section 2.7.4). However, the limited number
of reports of the dynamic properties of NR/OMMT nanocomposites specifically
meant that they were worthy of further investigation.
DMTS (Section 4.2.5) was used to see how both temperature and strain
amplitude changed the dynamic properties of the NR/OMMT nanocomposites.
Beginning with the effects of temperature (Figures 5.30 and 5.31), the following
trends were observed:
• For OM-0f G∗ varies little with temperature, although tan δ falls greatly
between -30◦C and 30◦C due to increasing molecular mobility.
• G∗ increases substantially with OMMT content, with the greatest increase
seen at -30◦C. The difference in G∗ between compounds progressively de-
creases as the temperature is increased.
• The large variation in tan δ with temperature seen for OM-0f appears to
be flattened out by addition of OMMT. This means that OMMT increases
tan δ at 30◦C and 60◦C while decreasing it at -30◦C.
It was initially proposed that the increase in G∗ at low temperatures was due
to the OMMT increasing the Tg of the rubber. This was disproved by using DSC
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Figure 5.30: Variation of G∗ with temperature for OMMT batch f at 0.2% strain
amplitude and 1Hz (DMTS testpieces)
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Figure 5.31: Variation of tan δ with temperature for OMMT batch f at 0.2%
strain amplitude and 1Hz (DMTS testpieces)
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Figure 5.32: Variation of G∗ with strain amplitude for OMMT batch f at 60◦C
and 1Hz (DMTS testpieces)
to measure the Tg of these vulcanisates, which showed that Tg was effectively
unchanged by addition of OMMT, varying from -61◦C for OM-0f to -60◦C for
OM-30f. However, the increase in G∗ might still be the result of the decreased
molecular mobility of elastomer chains absorbed onto the surface of the clay
particles. These chains will show even lower mobility as temperature decreases,
and so the volume of influence of the filler particles will be extended. However,
this will have little impact on G∗ until the concentration of filler particles is high
enough that the glassy areas surrounding the filler particles begin to interact.
This could explain why G∗ is much greater for OM-30f than for OM-20f, if the
latter is above the critical concentration while the former is below it. However,
this is speculative at the moment, and would require testing of compounds with
intermediate OMMT contents to confirm.
The influence of strain amplitude upon the dynamic properties was also
increased by OMMT (Figure 5.32). When measured at 60◦C, 1Hz and 0.2% strain
amplitude, OM-10f and OM-20f had dynamic moduli only slightly higher
than that of OM-0f. G∗ of OM-30f was double that of the other vulcanisates
under these conditions, but decreased substantially when the strain amplitude
was increased. All four compounds showed comparable values of G∗ for strain
amplitudes greater than 10%.
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Figure 5.33: Variation of tan δ with strain amplitude for OMMT batch f at 60◦C
and 1Hz (DMTS testpieces)
Figure 5.33 shows that tan δ was generally increased by addition of OMMT,
although the trend with increasing strain amplitude was different for each material:
• Tan δ for OM-0f was very low, and changed little with strain amplitude.
• OM-10f had a significantly larger loss tangent, with a gradual increase in
tan δ with greater strain amplitude.
• Tan δ was even larger for OM-20f, and showed a steeper increase with
strain amplitude before leveling off above 10% strain.
• The loss tangent of OM-30f peaked at around 10% strain amplitude, with
relatively steep declines in tan δ at higher or lower strain amplitudes.
The apparent trend was for increasing OMMT content to give higher values of
tan δ, with the peak becoming sharper and occurring at lower strain amplitude.
As might be expected, the loss tangent was strongly related to the dynamic
modulus, with the peak in tan δ occurring in the region at which G∗ changed
most rapidly.
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Figure 5.34: Variation of G∗ with strain amplitude for OMMT batch g at 23◦C
and 1Hz (DMTS testpieces)
DMTS of OMMT Batch g
DMTS was also performed on OMMT batch g, with organoclay contents of
up to 30phr of Nanofil 5. In this case only strain amplitude was investigated, over
the range 0.1% to 40%. The temperature was held constant at 23◦C, rather than
at 60◦C as for the previous series of tests.
These RCNs showed broadly similar dynamic behaviour to the previous batch
of compounds. At low strain amplitudes G∗ for OM*-30g was more than double
that for OM*-20g (Figure 5.34), but the former declined in modulus much more
rapidly with increasing strain amplitude. This is attributed to the Payne effect
(Section 2.3.2), and suggests that the increase in G∗ at low strain amplitudes is
due to increased filler-filler interactions. The sudden increase from OM*-20g to
OM-30g suggests that the concentration of particles in the latter is at or near
the percolation threshold, where the concentration of particles is so high that
they interact with enough neighbouring particles that a large-scale network is
formed. This rigid network is relatively stiff, but is quite brittle and breaks down
rapidly as the vulcanisate is strained.
One difference from the previous results at 60◦C (Figure 5.32) is that the
OMMT is still having some reinforcing effect at higher strain amplitudes. This
is thought to be due to the kinetics of the rubber-filler interaction in the nano-
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Figure 5.35: Variation of tan δ with strain amplitude for OMMT batch g at 23◦C
and 1Hz (DMTS testpieces)
composites. At 23◦C the rubber absorbed onto the filler particles will still be
somewhat restricted, while at 60◦C it will adsorb and de-adsorb much more
rapidly, and also slide over the surface of the particles much more readily. This
will decrease the influence of the filler on the rubber significantly, making the
dynamic modulus less dependent on the OMMT content.
As with the previous DTMS results, Figure 5.35 shows that tan δ increases
greatly with OMMT content. The strain amplitude at which the peak in tan δ
occurs declines with increasing OMMT, as found previously. It was also noticed
that the strain amplitudes at which tan δ peaks are consistently lower for these
compounds compared to their counterparts in the previous batch: for example, the
tan δ peak for OM*-30g is at ∼4%, while for OM-30f it is at ∼8%. This result
was expected, as at a higher test temperature the material will be further away
from its Tg and so the tan δ will peak at a higher strain rate. Since the frequency
is held constant in both cases, this will equate to a higher strain amplitude.
DBS Testing of OMMT Batch g
To provide a comparison to the DMTS measurements, the OMMT batch g
materials also underwent dynamic testing using 6mm DBS (Double-bonded shear)
testpieces over the approximate strain amplitude range 0.5%-150%, at 23◦C and
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Figure 5.36: Variation of G∗ with strain amplitude for OMMT batch g at 23◦C
and 1Hz (DBS testpieces)
1Hz. It was found that the dynamic properties were generally similar to those
obtained from DMTS, although with a few noteworthy differences.
Looking first at G∗, it was found at low strain amplitudes (Figure 5.36) it was
increased greatly by addition of OMMT: For example, at 1% strain amplitude it
went from 0.5MPa for OM*-0g to 4.5MPa for OM*-30g, a ninefold increase.
Also, the difference in G∗ between OM*-30g and OM*-20g was much larger
than between OM*-20g and OM*-10g, meaning that the filler must be providing
extra reinforcement at higher concentrations. Thirdly, a Payne effect was observed
for all of the RCNs. All of these were also seen with the DMTS measurements.
Differences between the DMTS and DBS measurements include a more rapid
Payne effect with DMTS, meaning that whileG∗ was slightly greater for OM*-30g
and OM*-20g at low strains, it was significantly greater for strain amplitudes
above 10%.
Similarly, tan δ was much larger for the RCNs than the control compound at
all strain amplitudes (Figure 5.37). The impact on tan δ of adding more OMMT
seemed to increase with the amount of OMMT already in the formulation, so
the difference between OM*-30g and OM*-20g was bigger than that between
OM*-20g and OM*-10g, which was in turn bigger than the difference between
OM*-10g and OM*-0g. The synergistic effects of filler content seen with both
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Figure 5.37: Variation of tan δ with strain amplitude for OMMT batch g at 23◦C
and 1Hz (DBS testpieces)
G∗ and tan δ implies the presence of a mechanism that increases both the stiffness
and the energy lost per cycle, and that becomes more prevalent as the average
inter-particle distance declines. This is believed to be some form of filler-filler
interaction, as discussed in Section 5.5.1.
Comparison with Carbon Black-Filled NR
It is difficult to draw quantitative comparison between NR vulcanisates con-
taining different fillers because there are so many variables to consider. Perhaps
the best source of comparable data is found in the Engineering Data Sheet
(EDS) series of unfilled and carbon black-filled composites published by TARRC.
Comparison of the unfilled compounds EDS19 and EDS20 with OM-0f and
OM*-0g reveals that they all show very similar temperature-dependent and
amplitude-dependent dynamic behaviour. Looking at the temperature depen-
dence of EDS21, containing 30phr of N330 black, shows G∗ is considerably smaller
than for OM-30f, which has the same filler content by weight, particularly at
lower temperatures. It is, however, broadly similar in terms of dynamic modulus
to OM-20f, although G∗ is considerably lower for the RCN at 60◦C.
As regards the damping behaviour, EDS21 had a larger tan δ at 0◦C and
-30◦C than any of the OMMT batch f RCNs, but at 30◦C and 60◦C tan δ was
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similar to that of OM-20f and significantly below that of OM-30f. Looking at
other EDS compounds showed that, in general, both carbon black and OMMT
increased tan δ at temperatures of 0◦C and higher, but at -30◦C the OMMT
depressed tan δ while the carbon black increased it. This meant that tan δ varied
much less with temperature with OMMT, particularly for OM-20f and OM-30f.
This could make NR/OMMT nanocomposites suitable for dynamic applications
that require consistently high damping over a wide range of temperatures.
The dependence of the dynamic properties on strain amplitude of the RCNs
can also be compared to that seen for the EDS compounds. By establishing which
EDS compounds most resemble the RCNs in terms of dynamic behaviour (for
example, EDS18 with 45phr of N330 black for OM*-20g, and EDS13 with 85phr
of N762 black for OM*-30g), conclusions can be drawn about the relative effects
on G∗ and tan δ of the two fillers. It was found that when using quantities of
OMMT and carbon black that produce comparable dynamic moduli, the carbon
black produces a larger value of tan δ than the OMMT. It also appears that the
peak in tan δ occurs at lower strain amplitudes for a given value of G∗ with carbon
black, although the data are not complete enough to conclude this authoritatively.
It seems that the relevant factor must be the ratio of energy lost per cycle
to the amount of hydrodynamic reinforcement provided for each type of filler.
It is believed that the OMMT is more effective at reinforcing the NR for a
given amount of filler because of its high aspect ratio. One possible mechanism
for OMMT dissipating energy less effectively than carbon black is related to
interfacial slippage, where adsorbed rubber molecules slide over the surface of the
filler particles under strain. The evidence from crosslink density measurements
suggests that NR interacts relatively weakly with OMMT, meaning that less
energy will be used when the elastomer chains slide across the filler surface.
Comparison with Silica-Filled NR
The dynamic properties of silica-filled elastomers have some important differ-
ences from those of similar carbon black-filled compounds. The main cause is the
strong hydrogen bonds formed between silica particles, which produces a very
strong filler network as well as large amounts of occluded rubber. At low strain
amplitudes this leads to very high dynamic moduli and low loss tangents, but
as the strain amplitude increases the filler network begins to break down. This
manifests itself in a large Payne effect as well as a sharp rise in tan δ. Using an
alkylsilane modifier turns the silica surface from hydrophilic to hydrophobic, which
greatly improves filler dispersion and leads to decreases G∗ and stabilisation of
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tan δ. If a silane coupling agent is used instead, dynamic modulus is increased due
to the much stronger rubber-filler interaction that the coupling agent produces,
while tan δ is not substantially different to that seen with an alkylsilane.
Because there are no sources of data analogous to the EDS listings for silica-
filled NR, the comparison with OMMT must of necessity be superficial. Wang 160
provides a comprehensive review of the effects of both carbon black and silica on
the dynamic properties of rubber vulcanisates. Silane-modified silica offers two
main advantages over carbon black in dynamic properties. Firstly, the peak in
tan δ at low temperatures is higher with silane-modified silica, and secondly the
decline in tan δ with temperature is more pronounced than with carbon black.
These improvements are the reason that most modern tyre tread compounds
use silane-modified silica, as the former leads to improved wet grip while the
latter translates into lower rolling resistance. Silane-modified silica also tends to
demonstrate a smaller Payne effect than carbon black, which is also advantageous
for tyre applications. By contrast, OMMT decreases tan δ at low temperatures
and increases it at high temperatures, as well as displaying a large Payne effect,
all of which make it very unsuitable for tyre tread applications.
5.6 Influences on Vulcanisation of OMMT RCNs
There has been relatively little work performed elsewhere looking into exactly
how OMMT affects vulcanisation behaviour. In particular, there has been
no apparent interest in finding a way to control the scorch behaviour, despite
this being such an obvious limitation for the commercial use of OMMT. The
work described below is therefore another novel part of this investigation into
NR/organoclay nanocomposites.
5.6.1 Variation of Zinc Oxide Content
Although it had been shown that DDA was behaving as a vulcanisation accel-
erator, it is not easy to explain how this occurs as there is no obvious mechanism.
Although amines have been known for many years to act as accelerators in rubber,
the chemical structure of quaternary ammonium cations means that they are not
very reactive. However, it had previously been shown by McCleverty et al. 161
that quaternary ammonium ions could act as ligands for zinc complexes such as
those formed during vulcanisation, and it was hypothesised that ammonium/zinc
benzothiazole-2-thiolate was the active chemical species causing the accelerated
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Figure 5.38: Rheometry of NR/OMMT nanocomposites with different zinc oxide
contents
vulcanisation. If such a complex was present and involved in the reaction, then
varying the zinc oxide content should have an appreciable effect on vulcanisation.
Scorch should be particularly affected, since this is the characteristic most altered
by addition of OMMT. To investigate this, compounds were created contain-
ing 0phr, 1phr, 2phr and 4phr of zinc oxide (OM*-5/ZnO-0, OM*-5/ZnO-1,
OM*-5/ZnO-2 and OM*-5/ZnO-4, respectively).
The four compounds showed almost identical scorch behaviour (Figure 5.38)
regardless of the amount of zinc oxide they contained. This is conclusive evidence
that a zinc-ammonium complex is not the active species causing the rapid scorch in
OMMT RCNs, and therefore some other unknown mechanism must be responsible.
As expected, MH-ML was much larger for higher levels of zinc oxide due to
increased vulcanisation efficiency producing more and shorter crosslinks. The
occurrence of crosslink shortening also meant that vulcanisation continued for
a longer time, meaning that t95-tS1 also increased with zinc oxide content. It
cannot be ruled out that zinc-ammonium complexes also played some role in
this behaviour, but Occam’s razor suggests that it is most likely entirely due
to the formation of zinc-accelerator complexes. Finally, it can be seen that the
vulcanisation parameters for OM*-5/ZnO-2 and OM*-5/ZnO-4 were quite
similar, indicating that zinc oxide content stops being a significant limiting factor
for vulcanisation. when more than 2phr is used.
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Clearly, the scorch reduction induced by the DDA is not affected by the
absence of zinc oxide, suggesting that the proposed complex is not responsible
for this aspect of the vulcanisation behaviour. Given that t95-tS1 is shorter for
OM*-5/ZnO-1 than with higher zinc oxide loadings, it is unlikely that this
involves a ammonium/zinc accelerator complex either. This means that some
other unidentified aspect of quaternary ammonium chemistry must be responsible
for the effects seen on the vulcanisation behaviour of RCNs.
Looking at both these results and the results for the NR/DDAC formulations
(Figure 5.22), it is possible to draw some conclusions about exactly what is
happening regarding the vulcanisation behaviour of the OMMT RCNs. The
rheometry trace for OM*-5/ZnO-0 is very similar through the scorch stage and
at the beginning of the cure stage, before crosslinking suddenly ends when the
measured torque reaches 3dNm. Similarly, the curves for D-2 and D-4 in Figure
5.22 behave as expected until after curing has begun, when the rate suddenly
declines significantly. It is suggested that the curing stage actually consists of two
different reaction types. The first is the insertion of long polysulfide crosslinks into
the rubber network, which occurs with little influence from any zinc complexes.
The second is the scission of the polysulfide crosslinks, followed by formation of
two new shorter crosslinks using the unattached ends of the two segments of the
previous polysulfide unit. Figure 5.38 suggests that this does not occur in the
absence of zinc. The decline in the cure rate seen with high DDAC contents might
be due to the ammonium cations temporarily forming an unreactive complex
with the zinc, thus decreasing the rate of crosslink formation.
5.6.2 Variation of Accelerator Type and Content
Because the very short scorch time of OMMT RCNs has the potential to be
a major problem for any commercial application of these materials, it would be
useful to find some way to ameliorate it. One idea was to replace the CBS in the
formulation with DCBS, a vulcanisation accelerator that is chemically similar to
Sulfur [phr] CBS [phr] DCBS [phr]
OM-5/CBS-0.8 2.5 0.8 -
OM-5/DCBS-0.8 2.5 - 0.8
OM-5/CBS-0.4 2.5 0.4 -
OM-5/DCBS-0.4 2.5 - 0.4
Table 5.12: Compounds with different accelerator types and contents
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Figure 5.39: Rheometry of NR/OMMT nanocomposites with different accelerator
types and contents
CBS but less reactive. A second idea was to reduce the amount of accelerator
used: since the DDA was also behaving as an accelerator, it was thought that
less CBS or DCBS might be needed. The list of compound ID and curative levels
is given in Table 5.12.
Rheometry of these compounds (Figure 5.39) showed that switching from CBS
to DCBS had very little effect on tS1. It did increase t95 considerably because of
the lower reactivity of DCBS, and also decreased MH-ML compared to the CBS
compounds. Reducing the amount of accelerator was also ineffective at increasing
the scorch time, although it did slightly decrease cure time. It was also observed
that MH-ML was significantly larger for OM-5/CBS-0.4 than for OM-5/CBS-
0.8. This result was unexpected, but is believed to show the unreliability of
rheometric torque measurements rather than representing a significant difference
in the physical properties of the two compounds.
5.6.3 Addition of Pre-Vulcanisation Inhibitor
After the failure of adjusting the type or quantity of accelerator to reduce
scorch time, it was decided to investigate the use of a pre-vulcanisation inhibitor
(PVI). A PVI compound reacts rapidly with mercaptobenzothiazole (MBT),
an intermediate species that must reach a certain level before vulcanisation
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Figure 5.40: Rheometry of NR/OMMT nanocomposites with and without PVI
commences, and so cure onset is delayed until all PVI has reacted. The PVI used
was commercially available Santogard PVI, which the manufacturers claimed did
not effect the properties of the vulcanisate when used at levels of up to 0.4phr.
To establish the level of scorch inhibition provided by the PVI, two compounds
were produced containing 0.2phr (PVI-0.2) and 0.4phr (PVI-0.4) as well as a
control compound with no PVI (PVI-0). All compounds contained 5phr of OM
in addition to the standard formulation given in Section 3.2.1.
Rheometry showed that that the onset of cure was delayed by over 150% for
PVI-0.4 compared to PVI-0 (Figure 5.40). Cure times for PVI-0.2 and PVI-
0.4 were delayed by approximately the same length of time as the scorch delay
whilst MH-ML was unchanged, indicating that the effect of the PVI was restricted
to the induction stage of the cure. Comparison of the vulcanisates’ tensile stress-
strain properties showed the vulcanisates were almost identical (Figure 5.41),
confirming that PVI contents of up to 0.4phr does not detrimentally effect RCNs.
It is not expected to affect other physical properties significantly either, meaning
that if an application for NR/OMMT nanocomposites is found their short scorch
time would not be an insurmountable obstacle to commercialisation.
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Figure 5.41: Tensile stress-strain measurements of NR/OMMT nanocomposites
with and without PVI:0-300% extension
5.7 Summary
A number of the results discussed above agree with what has been reported
in the published literature on the subject of NR/OMMT nanocomposites. The
vulcanisation behaviour was similar, in terms of decreased scorch and cure times,
increased torque rise on vulcanisation, and increased reversion. Excluding the
paper by Arroyo et al.,113 with its unfeasibly low estimate of TS for unfilled NR,
the other papers that looked at TS of NR/OMMT nanocomposites showed only a
slight variation from the unfilled strength. This agrees with the results reported
here, which showed an initial increase in TS followed by a decline as more OMMT
was added. The results above showed tensile modulus was increased by addition
of OMMT, as reported in the literature. However, this increase was substantially
less than had been reported in some places. For example, Magaraphan et al. 84
claimed a tensile modulus of 6.1 MPa at 300% strain with 7phr of OMMT,
whilst an average of only 3.4MPa was achieved during this work. Hardness also
increased by significantly less than had been reported by Magaraphan et al.,84
though the increase was comparable to that claimed by Arroyo et al. 113 The
other characteristic that could be compared to literature values, compression set,
was larger than had been reported for NR, though increased compression set had
been reported in other rubbers, for example NBR.99
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Some of the work looked at aspects that had not previously been reported in the
published literature. OM-20 and OM-30 gave substantially more reinforcement
than the levels reported elsewhere, and at low strains the reinforcement became
more effective with clay loading. This was attributed to the formation of filler
networks, which had not been reported previously. Similarly, the use of PVI to
successfully delay the onset of vulcanisation, and confirmation that this does not
adversely impact on the physical properties of the RCNs, had not previously been
established. Finally, the proposed mechanism for the accelerating properties of
the organoclay, via the formation of an ammonium/zinc benzothiazole-2-thiolate,
was disproved, although an alternative mechanism has yet to be established.
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NR/OSEP Nanocomposites
6.1 Introduction
As mentioned in the literature review (Section 2.8), the idea of producing
RCNs using sepiolite had been the subject of relatively little attention at the time
this work commenced. Since then there has been more research carried out, but
the area of OSEP nanocomposites is still under-investigated compared to RCNs
containing OMMT.
OSEP, as described in section 2.5.3, is composed of needle-like particles with
very high aspect ratios. In addition to the high shape factor of the particles, which
increases the hydrodynamic reinforcement provided by the filler, the needle-like
shape meant that it might be possible to easily produce nanocomposites with a
significant degree of anisotropy in their physical properties.
All compounds referred to in this chapter were based on the standard for-
mulation described in section 3.2.1, with the only differences being in the type
and quantity of filler used. The standard mixing procedure described in Section
3.3.1 was used to produce all the compounds. Three types of sepiolite clay were
used: Pangel B20 (OS), an organically-modified sepiolite; Pangel S9 (mS), an
inorganic sepiolite produced by wet micronisation; and Pansil (S), an inorganic
sepiolite produced by dry micronisation. Pangel S9 and Pansil are supposedly
chemically identical but differ in the size of agglomerate found in the pristine clay,
with Pangel S9 forming smaller units. The type of sepiolite clay and the quantity
of clay used in phr is given in the compound designation. Also, because some
batches contained compounds that were identical in formulation to compounds in
other batches, a batch suffix was included to make each compound designation
unique.
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6.2 Microstructure of OSEP RCNs
6.2.1 Transmission Electron Microscopy
TEM was used to visualise the microstructure of three vulcanisate containing
either Pangel B20 (OS-5a), Pansil (S-5a) or Pangel S9 (mS-5a). Considering first
the inorganic clays, micrographs of mS-5a (Figure 6.1) showed surprisingly well-
dispersed and well-exfoliated particles that were distinctly different in appearance
from the montmorillonite and OMMT particles seen earlier. The particles also
showed evidence of alignment, particularly those with the higher aspect ratios.
The source of the alignment is believed to be either the milling performed
during finalisation or alternatively the flow of the molten nanocomposite during
vulcanisation of the nanocomposite under pressure.
By measuring the Pangel S9 particles in the micrographs, they were determined
to be between predominantly 100nm and 500nm in length and 10-30nm in width,
with an average aspect ratio of ∼15. In fact, while montmorillonite-filled NR
is best described as a microcomposite, it is justified to describe mS-5a as a
nanocomposite. This is a very unusual situation for an inorganic clay, as the
strong attraction between clay particles is normally difficult to overcome.
The micrographs of S-5a (Figure 6.2) showed that there was little difference
in particle size or aspect ratio between the two inorganic sepiolite clays. There
was, however, some sign that Pansil particles are slightly less dispersible than
Pangel S9 particles, as there are a few cases of Pansil particles appearing to be
stuck together Although Figure 6.2 shows better alignment of particles than is
seen in Figure 6.1, in general S-5a and mS-5a showed similar levels of alignment.
The reason that unmodified sepiolite particles are so much more exfoliated
and better dispersed than unmodified montmorillonite comes from the completely
different way they agglomerate. This in turn is down to the markedly different
structure of the individual particles. In montmorillonite, the primary particles are
sheets which can efficiently stack together face-to-face in a well-ordered fashion.
This means there is a large area of contact between each particle and therefore a
strong interfacial attraction. This makes montmorillonite agglomerates difficult
to break down. In contrast, sepiolite consists of needle-like particles which form
bundles of aligned particles. This means that a sepiolite particle interacts with
a neighbour through a long but quite narrow contact region, with the added
complication that the alignment is less likely to be exact for rods than for sheets,
because rods possess a greater number of degrees of freedom, and therefore the
interaction will be even weaker. This makes it comparatively easy to separate
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Figure 6.1: TEM image of mS-5a
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Figure 6.2: TEM image of S-5a
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Figure 6.3: TEM image of OS-10f
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individual particles from their neighbours. This means that with sufficient mixing,
high levels of exfoliation of unmodified sepiolite into rubber can be achieved.
Comparing the TEMs of the inorganic sepiolite nanocomposites to those of an
OSEP nanocomposite (Figure 6.3), it was clear that there was actually very little
difference in the microstructure of the materials. Though the inorganic sepiolite
had more cases where two or three particles were still stuck together, the majority
of particles in both cases were fully separated from their neighbours. It is arguable
that in NR/OSEP, the average shape factor of the filler particles was slightly
greater, but only by a very small amount. Any other effect of the improved
compatibility of the OSEP with NR due to the hydrophobic coating cannot be
detected using TEM. It also appears that the alignment is predominantly displayed
by the larger particles, with the small ones appearing to be almost randomly
orientated. This is not surprising as a given force will act more effectively on
longer particles due to the larger torque it will produce.
6.2.2 X-Ray Diffraction
XRD had been shown previously to be a valuable tool for looking at nano-
composites produced using layered clays such as montmorillonite. However, the
completely different structure of sepiolite meant that it was not clear how useful
XRD would be for characterising an NR/OSEP vulcanisate. To produce a strong
XRD signal requires a regular spacing of layers giving constructive interference
of the X-rays to produce the peaks. The TEM images above showed that there
was very little particle aggregation in the nanocomposite that could produce a
signal. Furthermore, it was assumed that the bundles of particles of which the
clay consisted in its natural state would not be sufficiently regular to produce a
coherent XRD signal either.
As anticipated, it was found that XRD of an NR/OSEP nanocomposite showed
no evidence of any regular arrangement of particles within the nanocomposite
(Figure 6.4). There was one obvious peak in the XRD pattern at 2θ=7.4◦, with
a second smaller peak visible at 2θ=26.8◦. These correspond to spacings of
approximately 1.18nm and 0.33nm respectively. It is believed that the source
of these signals is not an inter-particle reflection, but is rather an intra-particle
reflection produced by the zeolitic channels that run the length of the sepiolite
particles. These are reported to have cross-sectional dimensions of 1.06nm by
0.36nm, very close to the values found here. Once these peaks had been excluded,
there were no other obvious signals that seemed to correspond to inter-particle
reflections.
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Figure 6.4: XRD patterns for sepiolite and OSEP
To see whether this demonstrated a change from a well-ordered arrangement
in either the pristine clay or the organoclay, XRD was performed on samples of
sepiolite and OSEP. Both showed functionally identical diffraction spectra to each
other, demonstrating that the modifying agent had no effect on the XRD pattern.
This would not be true for a peak caused by an inter-particle reflection, as is the
case for montmorillonite where organo-modifying a clay changes the main peak
position significantly. This therefore corroborates the analysis that the peaks are
caused due to reflections within the zeolitic channels of the sepiolite.
The XRD patterns for sepiolite and OSEP were also very similar to those
seen for NR/OSEP nanocomposite. However, one obvious difference was the
relative diminution of the peak at 26.8◦ for the clays by themselves. Although
the peak is still present, it is now barely larger than some other nearby peaks.
The mechanism by which this particular peak is enhanced while the other peaks
are depressed remains unclear.
6.3 Comparison of Different Sepiolite Clays
As little work had been done previously on the properties of NR/sepiolite
nanocomposites, it was of interest to see how the effects of the three different
forms of sepiolite compared. Rheometry was used to see how the vulcanisation
behaviour was altered, while standard tensile testing was used to investigate the
different effects of the clays on mechanical properties.
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Figure 6.5: Rheometry of OSEP batch a at 150◦C
6.3.1 Vulcanisation Behaviour
Rheometry of the two compounds containing the different forms of inorganic
sepiolite (mS-5a and S-5a) showed that they had almost identical vulcanisation
behaviour in most important respects. The only appreciable difference between
the two was in reversion, which is difficult to explain due to the chemical similarity
of the two clays. Compared to unfilled NR there was a small increase in tS1 for
both compounds, while t95-tS1 was not significantly changed. MH-ML was also
within the range found for previous unfilled compounds, though given the wide
range of values seen for such compounds (Figure 5.18) this is unsurprising.
By contrast, the OSEP-filled compound OS-5a displayed very different vul-
canisation behaviour to both the inorganic sepiolites and the unfilled compounds.
The OSEP acted as a vulcanisation accelerator in a similar manner to OMMT,
reducing tS1 by over 50% and also slightly decreasing t95-tS1, although the mag-
nitude of the acceleration was much smaller than had been seen with a similar
quantity of OMMT. This is because OSEP contains a much smaller proportion of
organic modifier as a percentage of total weight, due to its smaller CEC (cation
exchange capacity, Section 2.5.4). Finally, MH-ML was considerably larger for
OS-5a than mS-5a or S-5a, which is attributed to greater crosslink density in
the OSEP-filled vulcanisate because of the presence of the vulcanisation-active
modifying agent.
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Figure 6.6: Tensile stress-strain measurements of OSEP batch a
6.3.2 Tensile Properties
Looking at the tensile stress-strain properties of the different sepiolite RCNs
(Figure 6.6), it is immediately apparent that while there is no significant difference
in tensile strength between the vulcanisates, OS-5a has a greater tensile modulus
than either mS-5a or S-5a. However, the difference is much less than seen
with comparable OMMT and montmorillonite vulcanisates. Furthermore, both
inorganic sepiolites show higher tensile moduli than the unfilled vulcanisate, unlike
montmorillonite which was shown to reduce tensile modulus.
The observed differences in tensile properties between the NR/sepiolite and
NR/montmorillonite composites are primarily explicable in terms of their re-
spective microstructures. Figures 6.1 and 6.2 show that the inorganic sepiolite
particles are well dispersed and are highly shaped, and hence they can significantly
increase the tensile modulus of NR. Conversely, unmodified montmorillonite sheets
are strongly attracted to each other through the sharing of inter-layer cations,
and interact weakly with the NR matrix. They therefore form large and round
agglomerates that provide little or no reinforcement. After organic modification,
both sepiolite and montmorillonite occur as small particles of high aspect ratio,
and so their respective effects on tensile properties become broadly similar to
each other.
As TEM showed that all three sepiolite clays used produce nanocomposites
with similar microstructures, the fact that OSEP gives a more substantial increase
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in tensile modulus must be due to other factors. One important contribution
to this comes from the effects of the organic modifier on vulcanisation, which
increases crosslink density and therefore tensile modulus (Section 5.4.2). It is not,
however, believed that this is the only effect, because OS-5a contains relatively
little organic modifier, and furthermore the previous investigation of the effects
of DDAC on modulus showed that the impact was limited at low strains. It is
therefore believed that a second mechanism also plays an important role: Namely,
that organic modification of the sepiolite makes it more compatible with the
hydrophobic NR matrix, which increases the strength of the rubber-filler interface.
As the composite is strained the matrix will de-wet from the filler particles,
allowing the rubber to deform more readily which reduces the modulus. The
stronger rubber-filler interface will decrease the amount of de-wetting at a given
strain, and therefore modulus will decrease less with strain than for an inorganic
sepiolite.
As well as the differences between the organoclays and inorganic clays, it is
also interesting to note that mS-5a showed a generally higher tensile modulus
than S-5a. This is presumed to reflect either better rubber-filler interaction,
although the cause of this is not apparent, or significantly better exfoliation of
the Pangel S9 compared to Pansil. The average particle size before mixing of
Pangel S9 is smaller than that of Pansil due to the different processing methods
used, so it is plausible that the agglomerates are easier to break apart. However,
TEM images had not shown any sign of large agglomerates in S-5, so the case
for now remains unproven.
6.4 Vulcanisation Behaviour of OSEP RCNs
The rheometry performed on OS-5a indicated that OSEP acts as a vulcanisa-
tion accelerator in a similar fashion to OMMT. However, the size of the reduction
in tS1 was considerably smaller than was seen with similar OMMT contents, sug-
gesting that OSEP has less vulcanisation activity than OMMT. This conclusion
was not surprising, because the organic modifier forms a much lower proportion
of the mass of OSEP, due to the smaller CEC of sepiolite. During the course of
this investigation a number of different batches of NR/OSEP nanocomposites
were compounded, and the results of rheometry on these materials have been
combined in order to determine the effect of OSEP content on the vulcanisation
parameters tS1, t95-tS1 and MH-ML.
The relationship between tS1 and OSEP is highly consistent (Figure 6.7), with
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Figure 6.7: Variation of cure onset time with OSEP content at 150◦C for OSEP
batches b-f
a pronounced decline in scorch time as organoclay content increased. This was the
same behaviour as was previously observed with OMMT (Figure 5.16), although
the decline was much less rapid for OSEP than for OMMT. It is not possible to
convert between OMMT and OSEP contents simply by multiplying or dividing
by a constant factor, as the rate of decrease of tS1 for OSEP contents above 10phr
is lower than expected by comparison to the OMMT results. This is attributed
to different reactivities of BSDAC and DDAC, the organic modifiers used in
Pangel B20 and Nanofil 8 respectively, perhaps due to differing solubilities of the
ammonium cations in the rubber. However, an approximate idea of difference in
scorch between the two organoclays comes from the observation that 10phr of
OSEP and 2phr of OMMT produce the same scorch times. The longer scorch
time is a significant advantage of OSEP over OMMT, as excessively short scorch
times will make it difficult to use techniques such as injection moulding where
considerable flow of material is required before the onset of curing.
Figure 6.8 shows the variation of t95-tS1 with OSEP content, indicating a
relatively small change in the average curing time compared to the change in
scorch time, while the variance was much greater. Furthermore, while tS1 showed
a consistent decline, albeit at a variable rate, t95-tS1 was initially decreased by the
addition of OSEP but then levelled off and eventually began to increase as larger
quantities of OSEP were added. The initial decrease can be explained by the
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Figure 6.8: Variation of curing time with OSEP content at 150◦C for OSEP
batches b-f
organic modifier acting as a vulcanisation accelerator, but the increased curing
time for higher OSEP contents is difficult to justify. The most likely explanation
is that some of the reactive intermediates involved in vulcanisation are being
adsorbed onto the clay surface, decreasing their concentration within the bulk
of the rubber and therefore decreasing the rate of the reaction. It is surprising
but not implausible that this outweighs the accelerating effects of the organic
modifier, leading to an increased curing time for OSEP contents of over 20phr. It
was also considered that the mechanism might be the same as seen for NR/DDAC
formulations (Section 5.4.2), but this was deemed unlikely as no such effect had
been observed with OMMT despite it having a much higher organic modifier
content for an equivalent quantity of organoclay.
The trend seen for the observed values of MH-ML for OSEP contents showed
a similarity to previous measurements made on OMMT RCNs (Figure 5.18).
The initial rise and subsequent plateau was similar to that produced by OMMT,
although the initial rise was not quite so rapid. Assuming MH-ML to be strongly
correlated with crosslink density, as suggested in Section 5.4.3, this is because the
smaller amount of organic modifier in OSEP means that low levels have a smaller
effect on crosslink density than the same amount of OMMT. Another similarity
is that while trends within a batch are relatively consistent, the absolute values
vary significantly between batches.
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Figure 6.9: Variation of MH-ML with OSEP content at 150
◦C for OSEP batches
b-f
There is one clear and significant difference between the MH-ML results
produced by OSEP and OMMT, which is the behaviour at high organoclay
contents. While MH-ML for OMMT RCNs is smaller with 30phr than for less-
filled compounds, OSEP contents of 25phr and 30phr show unexpected sharp
increases compared to the values seen for 20phr in the same batches. There is
no obvious reason for this sudden jump, but the fact that it was seen for all
three batches that used such high filler contents means that it is very likely to
be a genuine feature. Perhaps the best explanation is that at or above a critical
concentration there is enough interaction between filler particles that a large scale
filler network is formed, greatly increasing the stiffness of the compound provided
it is not strained enough to semi-permanently disrupt the filler network. However,
since a network of similar or greater extent would also be expected with OMMT,
an explanation for the decrease in MH-ML seen for high OMMT contents is also
required: one possibility is that undispersed filler agglomerates in highly filled
NR/OMMT nanocomposites deform plastically during rheometry and so reduce
the measured value of MH.
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Figure 6.10: Tensile stress-strain measurements for OSEP batch b: 0-300%
extension
6.5 Mechanical Properties of OSEP RCNs
6.5.1 Standard Tensile Stress-Strain Testing
OSEP Contents of up to 10phr
Tensile stress-strain testing of OSEP batch b, with up to 8phr of OSEP
(Figure 6.10), and OSEP batch f, containing up to 10phr (Figure 6.11), showed
that, as with OMMT, relatively small amounts of OSEP can significantly increase
the tensile modulus. Although both batches show the same general relationship
between OSEP content and modulus, considerable variation was observed both
between and within batches. Perhaps the most prominent example is that OS-8f
has a considerably higher median tensile modulus than either OS-10f or OS-8b
at all strains. There also appears to be a consistent difference between similar
formulations in batches b and f, with the batch f compounds showing the greater
moduli. The difference is most pronounced below 100% strain, although it is
still found at higher strains. There is also a small difference between OS-0b
and OS-0f, which suggests that much of the difference might be systematic and
unrelated to use of the organoclay, with the filler acting to increase the scale of
the difference between the batches due to strain amplification effects.
The TS (tensile strength) results for OSEP batch b displayed reasonable
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Figure 6.11: Tensile stress-strain measurements for OSEP batch f : 0-300%
extension
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Figure 6.12: Variation of Etan with strain for OSEP batch f : 0-150% extension
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consistency, but batch f showed unexpectedly high amounts of variation. In
particular, OS-0f and OS-6f had low TSs of around 25MPa, although TS of
the other vulcanisates was within the expected range. Taken with the variability
observed in the tensile moduli of these compounds, it suggests that it might be
difficult to produce NR/OSEP nanocomposite with consistent properties, perhaps
because of differences in particle alignment within the vulcanised rubber.
Looking at the variation of Etan with strain for OSEP batch f (Figure 6.12)
shows that the OSEP has a considerable effect at the lowest strains, but that
this effect diminishes rapidly with increasing strain. The initial rate of decline is
not much greater for the more highly-filled nanocomposites: Instead the moduli
of OS-2f and OS-4f begin to plateau at around 25% strain, when they are not
much greater than that of the unfilled control compound. It is theorised that the
stablisation of modulus represents the point at which the filler has predominantly
debonded from the rubber matrix, at least at the points of particularly high
stress such as around the ends of the clay rods. That this happens earlier for
less filled OSEP nanocomposites suggests some kind of a synergistic effect, with
neighbouring particles sharing the stress between them and thereby reducing
the amount of debonding. By 100% strain the modulus-strain curves of all the
vulcanisates have levelled off, at a slightly higher value for more-filled RCNs due
to strain amplification. The eventual upturn in modulus at high strains (Figure
6.11) due to strain crystallisation and finite molecular extensibility also begins
earlier for the more highly filled RCNs for the same reason.
OSEP Contents of up to 30phr
There were three batches of NR/OSEP nanocomposites with organoclay
contents of over 10phr: batch c, which looked at quantities of up to 25phr, and
batches d and e, which both had a maximum OSEP content of 30phr.
Comparing the tensile properties of OSEP batches c, d and e (Figures 6.13,
6.15 and 6.14 respectively) finds the same general trends in each case. One such
trend is that tensile strength remains approximately constant until the OSEP
content approaches 20phr, when it starts to decline significantly. Increasing the
OSEP content also decreases the extension at which the upturn in modulus (due to
finite extensibility and strain crystallisation) occurs, a trend previously described
for the lower OSEP discussed above. Both of these trends are attributed to strain
amplification, as the filler particles restrict the ability of the adjacent rubber
matrix to stretch and thereby cause the rubber elsewhere to experience strains
significantly greater than the nominal extension of the testpiece.
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Figure 6.13: Tensile stress-strain measurements for OSEP batch c: 0-500%
extension
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Figure 6.14: Tensile stress-strain measurements for OSEP batch e: 0-500%
extension
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Figure 6.15: Tensile stress-strain measurements for OSEP batch d: 0-500%
extension
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Figure 6.16: Variation of Etan with strain for OSEP batch d: 0-150% extension
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The other issue of interest is the effect of these OSEP contents on tensile
modulus. All three batches demonstrate that the OSEP provides considerable
increases in tensile modulus over this range, with a particularly large increase
observed at low strains. This behaviour is shown more clearly in Figure 6.16,
which displays the variation in Etan with strain for OSEP batch d. This shows
that modulus is initially very high for all of the OSEP RCNs but declines relatively
rapidly and has levelled out by approximately 100% strain. The difference here
is presumably due to a combination of strain amplification and higher crosslink
densities. The decline is slightly less rapid than was seen with OMMT, which
is discussed in Section 6.5.2 below. Increases in modulus at higher strains also
start earlier with OSEP: this could be in part due to an increase in the crosslink
density, which is higher despite the lower organic content as the OSEP is less
disruptive to the formation of a large scale crosslink network.
6.5.2 Low Strain Tensile Testing
As mentioned previously, the standard stress-strain testing method is of limited
accuracy at low extensions. To overcome this and allow an accurate assessment of
the reinforcement provided by OSEP at and near zero extension, OSEP batch d
was re-tested using low-strain tensile testing (Section 4.2.1). The median tensile
stress-strain curves produced are shown in Figure 6.17, while Figure 6.18 shows
the variation of Etan with strain.
It can be seen that the stress-strain and modulus-strain curves were approx-
imately evenly spaced for strains between 15% and 100%, implying a roughly
constant level of reinforcement per unit of filler. However, there was a significant
deviation from this relationship at strains lower than this. Figure 6.18 shows
clearly that Etan decreases rapidly over the course of an extension of just a few
percent. Furthermore, the initial magnitude of Etan is much greater for OM-30d
than would be predicted from the RCNs with lower OSEP contents. This be-
haviour resembled that which had been observed when using this method to
test NR/OMMT nanocomposites (Section 5.5.1), which was attributed to the
formation of a network of interacting filler particles when the filler concentration
exceeded a critical level. It is believed that the same mechanism is responsible
in this case also, although there are some significant differences between the
two types of RCN. While OM-10f (Figure 5.25) and OS-10d show reasonably
similar behaviour, particularly at low strains, this correlation does not hold for
higher organoclay contents. With 20phr or 30phr, it is found that for very small
extensions OMMT produces much higher tangent moduli (Figure 5.26), but by
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Figure 6.17: Tensile stress-strain measurements for OSEP batch d using low
strain method
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Figure 6.18: Variation of Etan with strain for OSEP batch d using low strain
method
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10% strain Etan is considerably larger with OSEP. Additionally, all three OMMT
nanocomposites display effectively identical values of Etan at strains above 40%,
while the OSEP RCNs can be differentiated by their moduli at all tested strains.
It is somewhat surprising that Etan at low strains is greater with OMMT than
with OSEP, as it is generally held that rods will interact with each other more
than discs for a given volume fraction. It is possible that this is due to OMMT
particles having a larger volume of constrained rubber molecules surrounding
them, which will lead to more filler-mediated interactions at low strains than with
the same amount of OSEP. The difference in behaviour at higher strains is also
difficult to explain. One possible explanation is that, as suggested earlier, when
OSEP concentrations are sufficiently high, de-bonding of the rubber matrix from
the filler is reduced by sharing of the stress between neighbouring particles. It is
not clear why this mechanism does not also work for OMMT, but may be due
to their respective forms or aspect ratios, or possibly because the rubber-filler
interaction is stronger with OSEP than with OMMT, for some reason that is yet
to be determined.
It is also possible to compare these results with those achieved using standard
tensile testing on the same compounds. The most obvious feature is that the
degree of scatter in the results is much higher using the standard method. This
was anticipated, and indeed is the prime reason for the use of the low-strain
tensile testing technique. The most important difference between the two methods
is the disparity in the strain rates used: ∼500% per minute for the standard
method against 20% per minute for the low-strain method. The tensile properties
of unfilled NR are reasonably independent of strain rate, and so both methods
gave very similar results for OS-0d, but the different strain rates are important
for larger filler contents due to the increasing viscous behaviour of the rubber.
This explains why Etan declines more rapidly with extension using the low-strain
method, as the slower strain rate allows more extensive relaxation. However, the
initial values of Etan for the RCNs are quite similar using both methods, as are
the minimum values reached at around 100%.
6.5.3 Crosslink Density
It was assumed that, as OSEP had an accelerating effect upon sulfur vulcani-
sation that closely resembled that of OMMT, it would also increase the crosslink
density of the rubber matrix as OMMT had been shown to do (Section 5.4.3). To
confirm that this was the case, OSEP batches e and f underwent C1/C2 testing,
with the results used to determine the crosslink density of the vulcanisates.
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Empirical C1 nphys
SAF [g.cm−2] [mol.m−3]
OS-0e 1 1790 71
OS-10e 1.47 2850 113
OS-20e 2.17 2840 113
OS-30e 2.61 2780 110
OS-0f 1 1790 71
OS-2f 1.14 2050 81
OS-4f 1.30 2170 86
OS-6f 1.42 2400 95
OS-8f 1.52 2200 87
OS-10f 1.64 2370 94
Table 6.1: Crosslink densities of OSEP batches e and f
As expected, a substantial increase in crosslink density was recorded for the
NR/OSEP nanocomposites in both batches. All three RCNs in batch e showed
very similar and very high crosslink densities that were much greater than that of
the unfilled control vulcanisate OS-0e. In fact, nphys for these materials was much
greater than that seen for any of the NR/OMMT or NR/DDAC formulations
investigated in Section 5.4.3.
The C1 measurements made on OSEP batch f show an increasing level of
crosslink density as OSEP content increased, although there was a moderate
amount of scatter in the calculated values of nphys. The highest values of nphys
observed in this batch were considerably greater than the highest values seen
for the crosslink densities of the OMMT RCNs. It was also interesting to note
that both of the unfilled vulcanisates showed crosslink densities that were very
similar to those of the previous control materials OM-0e, OM-0f and OM*-0,
suggesting that these measurements were reproducible. By contrast, OS-10e and
OS-10f had very different crosslink densities for notionally identical formulations.
6.5.4 Hardness
Hardness was another mechanical property that had been shown to be increased
by OMMT, and so the hardness of some NR/OSEP were also measured, allowing
the effects of the two organoclays to be compared. The results of the hardness
testing of OSEP batches e and f are shown in Table 6.2.
It was found that the OSEP also produced a considerable increase in hardness.
The results found for OSEP batch f show an approximately linear relationship
between OSEP content and hardness up to contents of at least 10phr. Additionally,
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Hardness [IRHD]
Testpiece 1 Testpiece 2
OS-0e 41 42 42 41 42 42
OS-10e 57 57 57 57 57 57
OS-20e 61 62 62 62 62 62
OS-30e 68 68 69 67 67 68
OS-0f 42 42 42 41 41 42
OS-2f 45 45 46 45 45 46
OS-4f 48 48 48 48 48 48
OS-6f 50 50 50 51 51 51
OS-8f 52 53 53 51 52 52
OS-10f 55 55 55 55 55 56
Table 6.2: Hardness measurements of OSEP batches e and f
the hardness measurements for OS-0e and OS-10e agree well with the equivalent
materials in the other batch. However, OS-20e and OS-30e had lower hardnesses
than expected from the trend of the preceeding compounds. As hardness is related
to the shear modulus of the vulcanisate (Equation 2.1), this suggests that the
rate of growth of the shear modulus is decreased for the higher OSEP contents.
However, other experimental data, particularly the low-strain tensile testing,
suggests that if anything the opposite is true, with the appearance of filler
networking enhancing the modulus of highly filler NR/OSEP nanocomposites.
Comparing the effect on the hardness of the two organoclays shows that the
effect of OSEP is almost identical to that of OMMT (Section 5.5.2) for contents of
up to 10phr, with OSEP giving lower hardnesses than OMMT for higher contents.
This accords well with the measurements of tensile modulus at low strain for
the two organoclays, which showed similar levels initially. It would be expected
from the measurements of tensile modulus that OMMT RCNs would be harder
than OSEP RCNs for the highest filler contents, although the magnitude of the
disparity is greater than anticipated: for example, a difference of approximately
10IRHD between OS-30e and OM-30f.
6.5.5 Compression Set
The amount of permanent set shown by a rubber vulcanisate is often of
considerably more direct practical importance than its hardness, since many
applications exploit a compressed state to improve sealing ability or to extend
the fatigue life. To investigate this aspect of nanocomposite behaviour, OSEP
batches e and f underwent compression set testing. The compression step of the
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Figure 6.19: Compression set measurements for OSEP batches e and f at 23◦C
and 70◦C
testing was performed at both 70◦C and 23◦C, to determine how the amount of
permanent set observed was affected by temperature.
As had been found previously with OMMT (Section 5.5.3), addition of OSEP
led to a considerable increase in the compression set at 70◦C (Figure 6.19). The
increase was primarily found following the addition of a relatively small amount
of OSEP, with a big jump in the amount of set recorded between OS-0f and
OS-4f. Although there was a slight increase in set observed for higher OSEP
contents, this was small compared to the increase seen at low levels of OSEP.
This behaviour was distinctly different from that seen with OMMT, where set
seemed to vary approximately linearly with the amount of filler (Figure 5.28).
The maximum set observed for OSEP was also much lower than seen for OMMT,
at 60% instead of 83%.
The compression set behaviour seen for the OSEP RCNs after compression at
23◦C was similar to that observed at the higher temperature. The increase was
continuous and relatively steady up to 10phr, although of smaller magnitude than
at the higher temperature, with further small increases observed for OS-20e and
OS-30e. Once again the maximum compression set observed at this temperature
with OSEP was much lower than that found with OMMT (33% for OM*-30g).
As explained in the discussion on compression set of OMMT RCNs, there
are believed to be two main mechanisms that increase compression set when
organoclay is added. The first is increased bond migration due to the accelerating
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effects of the organoclay, while the second is the permanent disruption of filler-filler
interactions when the material is compressed. Both mechanisms are expected to
lead to higher compression set results as the OSEP content is increased, but while
the change in filler effects should be roughly equal at both temperatures, the
amount of bond migration is expected to be much larger at 70◦C than at 23◦C.
Comparing the results at the two different temperatures reveals that the rate
the set increased with filler content was approximately two to three times greater
at 70◦C over the range 0-10phr. However, between 10phr and 30phr the rate of
increase was approximately the same at both temperatures. This suggests that at
70◦C the accelerating effect of OSEP is responsible for approximately two thirds
of the increase at low filler contents, but above 10phr is contributing little to any
changes in set. The disruption of the filler-filler interactions is responsible for up
to a third of the change at low OSEP contents, and is expected to be responsible
for most of the relatively small amount of variation seen at higher OSEP contents.
6.5.6 Trouser Tear Strength
Tear strengths of OSEP batches e and f were measured using a trouser tear
method. The standard method is to tear the testpieces so that the tear propagates
in the direction of the grain of the rubber, but for batch e the materials were
tested in both the standard direction, parallel to the grain of the rubber, and
perpendicular to the grain direction. This was done as it was felt that the sepiolite
particles might induce anisotropy in the vulcanisate that would cause the tear
strength to differ depending on how the direction of crack growth intersected with
the alignment of the particles. It was not possible to do this for the compounds
in OSEP batch f due to a lack of suitable material from which to produce the
testpieces.
Figure 6.20 shows that the trouser tear strength did not show a consistent
change between OS-10e and the unfilled vulcanisate OS-0e, while a small increase
was seen for OS-20e, and a larger one for OS-30e. There was no significant
difference seen between the two tearing directions for any of the RCNs in OSEP
batch e: this might be interpreted as the sepiolite particles not possessing an
overall alignment, or alternatively the clay alignment does not have a significant
impact on the tear strength. The batch f RCNs showed an increase in tear
strength until OS-10f, which had a tear strength almost identical to that of
OS-0f.
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Figure 6.20: Trouser tear strength measurements for OSEP batches e and f
6.5.7 Dynamic Properties
As elastomeric materials are commonly used in applications in which they
perform a dynamically active role, it was felt to be important to investigate the
dynamic properties of NR/OSEP nanocomposites. The dynamic testing was
performed on OSEP batch e using DBS testpieces cured at 130◦C, and following
the method described in Section 4.2.6.
As anticipated, OS-0e showed very little variation in either G∗ or tan δ across
the entire range of strain amplitudes. For the RCNs the relationship between
G∗ and strain amplitude (Figure 6.21) showed a classic Payne effect, with the
OSEP having a large impact on dynamic modulus initially that diminishes as the
strain amplitude increases. It is noticeable that G∗ for OS-30e was greater than
predicted from the results of the other three materials, just as had previously
been observed for tensile modulus using low strain tensile testing. This could be
due to the formation of a significant filler network within the vulcanisate once
the filler concentration exceeded the percolation threshold.
Similarly, tan δ (Figure 6.22) also grew more than expected between OS-20e
and OS-30e, indicating a significant increase in the ability of the nanocomposites
to dissipate energy. OS-30e also showed a greater decline in tan δ as strain
amplitude increased. This is attributed to a combination of two different effects.
Firstly, as the rubber is strained, interacting filler particles are pulled apart,
only to re-associate when the strain is released. However, tan δ is largest at
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Figure 6.21: Variation of G∗ with strain amplitude for OSEP batch e at 23◦C
and 1Hz (DBS testpieces)
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Figure 6.22: Variation of tan δ with strain amplitude for OSEP batch e at 23◦C
and 1Hz (DBS testpieces)
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low strain amplitudes while this term would be expected to be greatest at large
strain amplitudes. Secondly, the rubber-filler interaction can change significantly
during a cycle: When unstrained there will be considerable slack in the rubber
network, which will be taken out as the testpiece is strained. When the testpiece
returns to zero strain, the rubber molecules will re-coil and re-absorb onto the
surface. It has also been hypothesised that for carbon black, and potentially other
fillers such as organoclay, the rubber network forms a glassy layer surrounding
the filler particles, due to the many points of attraction between the rubber and
the filler severely limiting the mobility of the chains. This effect might also be
more significant for greater filler loadings, as the regions sandwiched between two
particles will experience a larger effect than would be found at the same distance
from a single particle.
6.6 Anisotropy of Tensile Properties
It was clear from TEM images of NR/OSEP nanocomposites such as Figure 6.3
that the sepiolite particles possessed a net orientation, at least at the microscopic
level. Assuming that this orientation is maintained on a larger scale, it could
mean that the mechanical properties of the nanocomposites would be affected:
for example tensile modulus would be different when measured parallel and
perpendicular to the mean orientation of the particles, or, more generally, the
tensile modulus is dependent on the angle between the direction of applied
strain and the average particle orientation. The mechanism for producing large
scale alignment of the OSEP particles could be either the milling process during
finalisation, in which case the particles would have a parallel orientation; or flow
of molten material within the mould during vulcanisation, in which case the
particles would be radially orientated. These two possibilities are illustrated in
Figure 6.23.
Initial investigations performed on OSEP batch b using the standard tensile
testing method showed some substantial differences in tensile properties when the
vulcanisates were tested in different directions. However, the different materials
showed no consistency in which directions gave higher and lower modulus results,
both because insufficient care was taken to produce consistent levels of mouldflow
and because the accuracy of the measurements could also be affected by other
factors, such as testpiece deformation during gripping. To overcome the latter,
low strain tensile testing was used to improve accuracy at small extensions, when
it was anticipated that any anisotropic effects would be most noticeable.
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Figure 6.23: Possible orientations for OSEP particles in a nanocomposite
To look for signs of tensile anisotropy, and also to compare the two proposed
mechanisms for introducing particle orientation, two sheets were vulcanised from
a masterbatch of OS-10f. The first sheet was formed from material cut to fit
the mould as closely as possible, to minimise the flow of molten rubber within
the mould before vulcanisation commenced. The second sheet was produced by
placing a lump of rubber in the centre of the mould, where it would be squeezed
outwards as the press was slowly closed. These two procedures were intended
to produce extreme cases in which the milling and mould flow mechanisms
respectively should dominate. To test for anisotropy, testpieces were cut from two
different positions on the sheet that would be expected to have opposing particle
alignments, assuming the proposed alignment mechanism was operative. For the
first sheet, that meant testpieces orientated either parallel to the milling direction
or perpendicular to it. For the second sheet the testpieces were either radially
orientated (pointing out from the centre of the sheet) or tangentially orientated
(along the edge of the sheet). It was assumed that significantly different moduli
for the two positions on a sheet implied different filler orientation, while similar
moduli implied identical filler orientation.
For the first sheet, it was found that whilst there was a small amount of
variation between the stress-strain curves for the three testpieces from each
position, this was much smaller than the difference in tensile modulus between
the two positions (Figure 6.24). The testpieces aligned in the direction of milling
(the presumed orientation of the OSEP particles) were significantly stiffer than
the testpieces aligned perpendicular to milling. For example, the average value of
M20 for the parallel direction was 0.9MPa while for the perpendicular direction
it was 0.7MPa.
For the second sheet the average tensile modulus was very slightly higher for
the radial position. However, the difference between the two testpiece positions
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Figure 6.24: Low strain tensile stress-strain measurements for OS-10f cured
using either maximum or minimum mouldflow methods
was much less than the experimental variation, which was approximately the
same as for the first sheet. It was therefore not possible to say that the difference
was significant.
Though the effect of mouldflow on aligning the particles was not demonstrated
in this case, this did not necessarily rule out the possibility that it could be
effective under some conditions. This is because the relatively large amount
of mouldflow required may have resulted in non-linear flow and so prevented
long-range alignment of the particles. It might be more effective to reduce the
flow distance and pressure to encourage laminar flow, as this could produce better
alignment of particles in the vulcanisate.
Another point of interest from this work is that the tensile moduli for the
second sheet, with maximum mouldflow, was higher than for either direction of
testing from the first sheet: For example, M20 for both radial and tangential
testpieces from the second sheet was ∼1.0MPa. It is also noticeable that the
hysteresis and set was larger for the second sheet. Since both sheets were
vulcanised from the same masterbatch, the difference cannot be due to differences
in the formulation. The most likely explanation is that a random alignment of
particles imbues greater stiffness upon a vulcanisate than particles with a shared
alignment. This would be caused a greater number of filler-filler interactions
when the particles are randomly orientated.
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6.7 Summary
OSEP was shown to provide a similar level of reinforcement to OMMT, at
least to a first approximation. There is evidence of filler networking leading to
increased tensile modulus at low strains (≤ 20%). Comparison of tensile moduli
of OMMT and OSEP nanocomposites revealed that for contents up to 10phr,
both had similar effects. For larger contents than this, OMMT has a bigger effect
at strains of below 10%. However, OSEP gives only a slightly lower modulus over
this range, while it has a considerably higher modulus at strains greater than
this. OSEP seems to reduce TS slightly more for the higher contents studied,
though for practical purposes it would make little difference. It was also possible
to achieve significant anisotropy in the tensile modulus of OSEP nanocomposites.
Perhaps the biggest advantage of using OSEP over OMMT comes from their
respective vulcanisation behaviour. Specifically, the reduction in scorch time
engendered by the addition of OSEP, while considerable, is much less than is
produced by an identical quantity of OMMT. Another advantage is that OSEP
produces a smaller increase in compression set for high organoclay contents, which
is beneficial for applications where the material will be in constant compression.
Tear strength was significantly improved by the addition of OSEP, being more
than doubled by addition of 30phr. However, the increase in tear strength is not
so great compared to what can be achieved with other fillers such as carbon black.
The effect of OSEP on dynamic properties is similar to that seen with higher
levels of carbon black, with increases in both dynamic modulus and tan δ. There
was a particularly large increase in both of these parameters found when going
from OS-20e to OS-30e. This suggests that potentially an even larger increase
could be found if the OSEP content was increased even further. It is believed
that it would be easier to use higher amounts of OSEP than of OMMT because
of the greater reductions in scorch time seen with OMMT, and therefore OSEP
will be more practical for producing new high modulus, high damping rubber
compounds. Such compounds are potentially very useful and are worthy of further
investigation.
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Chapter 7
Micromechanical Models of
RCNs
The use of models to simulate real situations always requires simplifications
and assumptions that are only valid under certain conditions, yet should still
produce an answer that is as close as possible to the actual outcome. This
fundamental contradiction was best expressed by the noted statistician George
Box when he wrote162 “All models are wrong, but some are useful.” This section
shall look at a number of different micromechanical models of filler reinforcement
of elastomers, to determine which are useful and which are merely wrong. Much of
the work in this section has been in published in the Journal of Polymer Science
Part B: Polymer Physics, in a paper entitled “Micromechanical Models of Young’s
Modulus of NR/Organoclay Nanocomposites.”163
The purpose of using micromechanical models to predict the Young’s modulus
of RCNs is to gain insight into how the macroscopic properties are related to the
microscopic properties. It is hoped that this will eventually result in a better
understanding of RCNs in general and will be useful for controlling a range of
physical properties that depend on the microstructure of the nanocomposite.
7.1 Assumptions for Modelling Filled Rubbers
Any micromechanical model of a filled elastomer requires a number of simpli-
fying assumptions to be made. These include:
• Filler particles are identical in size, or alternatively any effects of the filler
particles are size-invariant
• Filler particles are identical in geometry
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• Filler particles are perfectly aligned within the elastomer matrix, OR filler
particles are randomly dispersed and orientated within the rubber matrix
• Filler particles are perfectly bonded to the elastomer matrix
• Filler particles do not interact with each other
• The modulus of each filler particle is identical and is isotropic
• The elastomeric matrix is isotropic and continuous
Each of these assumptions are only valid in certain circumstances. All fillers
used in rubber have a range of particle sizes and geometries, and organoclays are
no exception. TEM images of both OMMT (Section 5.2.1) and OSEP (Section
6.2.1) show considerable morphological variation between particles. In addition,
these images show that particle alignment is high but it is not perfect, which
may also lead to some discrepancy between predicted and real nanocomposite
properties.
The assumption that the rubber is perfectly bonded to the filler particles is
believed to be reasonably valid, albeit only at low extensions. This is demonstrated
in Chapter 9, where the addition of a silane coupling agent to a nanocomposite led
to an increase in tensile modulus, but only when stresses exceeded the strength of
the rubber-filler interface in the absence of coupling agent. It was found that this
occurred at approximately 30% strain with OMMT and at 25% strain with OSEP,
implying that perfect bonding is a reasonable assumption for strains of just a
few percent. Similarly, although accurate measurements of the elastic moduli of
clay particles are difficult to obtain,164 there is no evidence to suggest that the
assumptions of isotropy and identical modulus are unreasonable.
The validity of the assumption that there is no interaction between filler
particles will strongly depend on the amount of organoclay within the nano-
composite. At low φ the filler particles are sufficiently widely separated that the
number of interactions is small enough to be ignored. As φ increases the average
inter-particle distance falls, causing the likelihood of interactions to grow. It is
believed that the large increase in tensile modulus observed at very low strains
for RCNs with high organoclays contents is primarily due to filler networking
(Sections 5.5.1 and 6.5.2).
Finally, the assumptions of isotropy and continuity of the rubber matrix
ignores the reality that it is actually made up of a crosslinked network of polymer
chains, with a relatively small number of these chains partially adsorbed onto
the surface of the filler particles. For large filler particles there will probably be
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enough adsorbed polymer molecules that any orientation effects of the molecules
will cancel out. However, as particle size decreases the number of molecules in
contact with an individual filler particle will decrease, and so it becomes more
likely that the particles will be in an anisotropic environment. It is difficult to say
at what point this would become significant, if at all. Another situation where
these assumptions might break down is when two particles are in close proximity
with a thin layer of polymer between them. In this case the polymer molecules
will be very limited in the configurations they can take up, which will greatly
diminish their elastomeric properties. In practice this rubber will be occluded by
the filler particles, with the result that the effective volume fraction of filler is
increased.
7.2 Specific RCN Modelling Issues
In addition to the general issues with modelling described above, there are
two problems specific to the NR/organoclay nanocomposites studied in this work.
The first regards the distribution of filler particle morphologies: It is not enough
to simply assume a consistent shape and size for the filler particles, because most
of the micromechanical models include the shape factor of the particles as a
parameter for calculating the amount of reinforcement produced. This requires
a reliable estimation of particle dimensions, which was achieved by identifying
particles in TEM images (Section 7.2.1).
The second problem is that the quaternary ammonium salts used to organically
modify the clays accelerate sulfur vulcanisation of NR, with one result being an
increase in the crosslink density of the elastomer matrix (Section 5.4.3). Since all
of these micromechanical models work by comparing the modulus of the filled
rubber to that of a corresponding unfilled rubber, it is important to determine
the impact that the organoclay is having on the modulus of the rubber matrix
itself (Section 7.2.2).
7.2.1 Shape Factors of OMMT and OSEP Particles
Except for the standard Guth-Gold model, all of the micromechanical models
considered here are functions of f , the effective shape factor of the population
of filler particles within the vulcanisate. It is normally presumed165 that f is a
simple numerical average of the aspect ratios of the individual particles. However,
there is no clear basis for this assumption and there are actually many possibilities
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for this relationship, including the following:
1. f is the mean aspect ratio of the population of filler particles
2. f is the median aspect ratio of the population of filler particles
3. As 1, but weighted with respect to each particle’s volume (f =
∑ fi Vi
Vfil
;
where fi is the shape factor of the ith particle, Vi is the volume of the ith
particle, and Vfil is the total volume of all filler particles)
4. As 1, but weighted with respect to each particle’s surface area(f =
∑ fi Ai
Afil
;
where fi is the shape factor of the ith particle, Ai is the surface area of the
ith particle, and Afil is the total surface area of all filler particles)
5. f is the root mean squared aspect ratio of the population of filler particles
These possibilities are far from exhaustive, and the actual relationship may be
much more complex than any of these suggestions. To estimate what each of
these possibilities would give as f , the dimensions of OMMT and OSEP particles
were determined from TEM images of RCNs containing 10phr of each organoclay.
Annotated versions of the images used are given in Appendix B, along with
the measured dimensions of each particle. The values of f estimated using the
different possible relationships are given in Table 7.1.
OMMT OSEP
Numerical mean 9.9 16.3
Numerical median 8.6 13.2
Volume-adjusted mean 8.1 15.4
Surface area-adjusted mean 9.7 17.5
Root mean squared 11.0 19.9
Table 7.1: Estimated values for f for OMMT and OSEP in NR
It is also important to consider at this stage possible sources of random and
systematic error in these estimated values of f . The primary source of random
error is the relatively small sample size used to generate the estimates. The
number of particles in a single micrograph is tiny compared to the total number
of filler particles in the entire compound, and even using multiple images can
only do so much to counteract this problem. Furthermore, although the volume
imaged by TEM is randomly selected, that does not mean that is representative
of the whole of the material. Unfortunately, to produce and analyse sufficient
micrographs to construct a highly reliable estimate of the distribution of particle
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Figure 7.1: Diagram illustrating sectioning of OMMT nanocomposites
geometries would take far too long to be practical, and so the values of f given
in Table 7.1 must suffice.
There is also a possibility of systematic error in the calculation of f due
to drawbacks with TEM generally. The most likely cause of any systematic
underestimation of f for OMMT results would be the sectioning of the RCN to
produce a sample suitable for TEM, as illustrated in Figure 7.1. In this diagram
particles a), b) and c) will all display their true widths when viewed edge-on,
which was the standard way of visualising OMMT RCNs. However, the width
of particle d) will appear to be smaller than the true value while the thickness
of the particle will be unaltered. This will reduce the apparent aspect ratio and
therefore make f appear to be lower than the actual value for the material.
For the needle-like OSEP particles a similar difficulty can occur, as illustrated
by particle c) in Figure 7.2. Another issue is that the OSEP particles may be
foreshortened when seen in a TEM image, as illustrated by particle b) in Figure
7.2. This will also reduce the measured value of f for the particle relative to the
actual value. In practical terms, it can be calculated that a particle angled at 30◦
to the plane of the image would have an apparent length of approximately 87%
of its real length. Line-of-sight effects were not such a problem with OMMT as
the plate-like particles should not show any orientation effects of this kind.
There were also some other difficulties in making accurate measurements of
the sizes of organoclay particles in TEM images. One was the problem of deciding
exactly what constituted a single particle. For example, in some cases two or
more particles appeared to overlap, either touching each other or separated only
by a very thin layer of rubber. It was felt that such cases would behave like one
large particle, rather than two smaller ones, at the small strains used for the
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Figure 7.2: Diagram illustrating sectioning of OSEP nanocomposites
modulus measurements. However, this still meant that it was difficult to estimate
the effective dimensions of the “particle”. A more common issue was that some
particles were difficult to make out in the TEM images due to a lack of contrast
with the background. This was particularly true for fully exfoliated sheets of
OMMT, meaning that it is possible that some were omitted from the image
surveys. This is significant as the fully exfoliated sheets had greater than average
shape factors, and therefore a systematic bias against them would decrease any
measurement of shape factor for the population.
7.2.2 Effect of Organic Modifier on Matrix Modulus
It was previously demonstrated (Section 5.4.2) that the increase in tensile
modulus produced by organoclays was attributable not only to filler reinforcement
but also to the organic quaternary ammonium modifier acting as a vulcanisation
accelerator, increasing crosslink density. To accurately model the effects of
organoclay on modulus, it was necessary to separate the hydrodynamic effects of
the filler from the increased crosslink density produced by the modifying agent.
This required an estimation of the relationship between organoclay content and
Em, the tensile modulus of the NR matrix (or Gm, the equivalent expression
for shear modulus), which was achieved in two steps. The first stage involved
examining the effects of DDAC and organoclay on vulcanisation to establish an
equivalence between the two. The second step was to use accurate measurements
of the modulus of NR/DDAC compounds to determine an empirical expressions
for Em or Gm in terms of φ.
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Figure 7.3: Variation of scorch time with mDDAC for NR/OMMT, NR/OSEP and
NR/OMMT compounds
Comparison of Vulcanisation Behaviour
Although the nominal organic contents of the organoclays are known, it is not
possible to use these figures to determine how much DDAC was equivalent to
a known amount of organoclay. This is because some ammonium cations may
be unable to become involved in vulcanisation, for example because they are
intercalated between clay sheets in tactoids. Therefore another way of determining
the effective amount of organic modifier the organoclays contained is required.
Comparing the vulcanisation characteristics of the organoclay-filled compounds
and those containing DDAC showed similar patterns of behaviour, as might be
expected. In particular, tS1 decreased considerably as both DDAC and organoclay
content increased, as well as displaying relatively little experimental variation. By
contrast, other parameters, for example t95-tS1, were unsuitable as they showed
only a small change in the average value with organoclay or DDAC content, while
simultaneously displaying a high variance.
Plotting tS1 against mDDAC, the effective DDAC content in phr, for the
NR/DDAC compounds (Figure 7.3) showed a steep initial decline that eventually
levelled off at a value of approximately one minute. The OMMT RCNs showed
the same trend, and plotting those results on the same graph gave a very good fit
between the two, when the OMMT (in this case Nanofil 8) is presumed to have an
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effective DDAC content of 35%. The rate of decrease of tS1 was much less rapid
for the OSEP RCNs because Pangel B20 has a much lower organic content, but
assuming an effective DDAC content of 8% also gave a good fit with the DDAC
compounds. The relationship for OMMT can be expressed algebraically as
mDDAC = 0.35mOM (7.1)
where mOM is the OMMT content in phr; for OSEP the expression is
mDDAC = 0.08mOS (7.2)
where mOS is the OSEP content in phr.
Modulus Measurements of NR/DDAC Compounds
The second part of the process to determine the effect of the organoclays on
matrix modulus required the relationship between mDDAC and Em (or Gm) to be
established. To achieve this, the NR/DDAC vulcanisates underwent low strain
tensile stress-strain testing (Section 4.2.1) and low strain shear stress-strain testing
(Section 4.2.2). E was determined from the gradient of the tensile stress-strain
curve over the region 0.5%-1.5% strain. G was similarly calculated from the
gradient of the shear stress-strain curve between ∼0.5% and 6% strain.
Figure 7.4 shows the variation of E and G with mDDAC. Note that for an
incompressible material (which is almost but not quite true for NR) the identity
E = 3G applies, which has been used to scale the primary and secondary vertical
axes. This suggests that there is a considerable mismatch between the measuring
techniques. This is unlikely to be due to rate effects as the materials are unfilled
and so should demonstrate relatively low levels of viscoelastic behaviour. The
most likely cause is the different cure histories of the tensile and shear testpieces,
especially because of the different vulcanisation temperatures used. It is also
possible that the different testing machines used had a systematic effect on the
results. There is also considerably greater scatter seen in the shear modulus
measurements. This is believed to result from the use of transfer moulding to
produce the 6mm DBS testpieces, which will lead to a random orientation of filler
in the vulcanised nanocomposites.
It was found that even relatively low concentrations of DDAC have a significant
impact on modulus for both sets of results. This was clearer for the tensile stress-
strain measurements because of their greater consistency, but it can also be seen
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that D-0.4 and D-0.6 have significantly greater shear moduli than D-0. The
tensile modulus results show a large increase from 1.62MPa for D-0 to 1.79MPa
for D-0.2 and 1.86MPa for D-0.6. The rate of increase declines as more DDAC
is added, with a plateau being reached by D-3 with no significant increase in
modulus found above this.
Relating Organoclay Volume Fraction to DDAC Content
Using the relationship between effective DDAC content and OMMT content
(Equation 7.1), it is possible to estimate the volume of OMMT that would have
the same effect on Em as an amount mDDAC of DDAC using
VOM =
mOM
ρOM
=
mDDAC
0.35× 1.4 (7.3)
where VOM is the volume of OMMT per hundred grams of rubber and ρOM is the
density of Nanofil 8, which is 1.4 g/cm3. It is similarly possible, using Equation
7.2, to express VOS, the volume of OSEP per hundred grams of rubber, as follows:
VOS =
mOS
ρOS
=
mDDAC
0.08× 2.1 (7.4)
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Figure 7.4: Variation of E and G with mDDAC for NR/DDAC vulcanisates
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where ρOS is the density of Pangel B20, which is 2.1 g/cm3. The volume fraction
of organoclay equivalent to mDDAC is denoted as φOM for OMMT, and φOS for
OSEP, which are given by
φOM =
VOM
Vtot
=
mDDAC
0.49Vtot
(7.5)
φOS =
VOS
Vtot
=
mDDAC
0.189Vtot
(7.6)
where Vtot is the total volume of the compound per hundred grams of rubber. For
the standard formulation defined in Section 3.2.1 the total volume per hundred
grams of rubber exclusive of organoclay is 115.14cm3.
Matrix Modulus Correction Expressions
The matrix modulus correction (MMC) expressions relating Em and Gm
to φOM were created using the experimental measurements of E made from
the NR/DDAC formulations. The DDAC contents were converted into volume
fractions using Equation 7.5, and empirical curves were then qualitatively fitted
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Figure 7.5: Comparison of Em and Gm corrections for OMMT with moduli of
NR/DDAC vulcanisates
195
D. J. Lowe, July 2012 Chapter 7. Micromechanical Models of RCNs
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.2
1.5
1.8
2.1
2.4
0 0.04 0.08 0.12 0.16 0.2
G
/ M
P
aE
/ 
M
P
a
φOS
E for NR/DDAC compounds, adjusted to φOM
Em = 2.35 - 1/(20φOS + 1.6) - 0.105/(350φOS + 1)²
G for NR/DDAC compounds, adjusted to φOM
Gm = 0.6 - 1/(200φOS + 5.3)
 
  
Figure 7.6: Comparison of Em and Gm corrections for OSEP with moduli of
NR/DDAC vulcanisates
to the data (Figure 7.5). The equations for these curves are:
Em = 2.35− 1
50φOM + 1.6
− 0.105
(850φOM + 1)2
(7.7)
Gm = 0.6− 1
400φOM + 5.3
(7.8)
A similar process of qualitative fitting of empirical curves was performed for
OSEP (Figure 7.6) using Equation 7.6. The Em and Gm corrections determined
for OSEP are:
Em = 2.35− 1
20φOS + 1.6
− 0.105
(350φOS + 1)2
(7.9)
Gm = 0.6− 1
200φOS + 5.3
(7.10)
Experimental Measurements of RCN Moduli
To test the models required experimental data with which to compare them.
OMMT batch e and OSEP batch f, both containing up to 10phr of organoclay,
underwent low strain tensile (Section 4.2.1) and shear (Section 4.2.2) stress-strain
testing. An upper limit of 10phr of organoclay was chosen for these compounds
because Ramorino et al. 157 had suggested that higher contents would cause
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significant deviation due to filler-filler interactions. As with the NR/DDAC
vulcanisates, E and G were determined from the gradients of the stress-strain
curve between 0.5%-1.5% and 0.5%-6% strain respectively.
7.3 Guth-Gold Models
7.3.1 Modelling Tensile Modulus
Preliminary investigation had shown that the standard Guth-Gold model
(Equation 2.8) was completely ineffective at modelling NR/organoclay nano-
composites. As this model assumes particles to be spherical rather than highly
shaped, it was unsurprising that it was found to greatly underestimate the effect
of the organoclay on tensile modulus. Instead, the modified Guth-Gold (mGG)
model (Equation 2.9) was used. The mGG model was designed for elastomeric
composites containing non-spherical fillers, such as highly structured carbon
blacks. It is uncertain whether the model was originally intended to be used for
fillers with such high aspect ratios as observed for OMMT and OSEP, or whether
it assumes the presence or absence of a large-scale particle orientation. However,
the simplicity of the model meant that it had been used a number of times by
other authors to attempt to model RCNs, and so was a suitable starting point
for this work also.
The mGG model was fitted to the experimental measurements of tensile
modulus for both OMMT and OSEP RCNs. The best fitting value of f was found
by maximisation of R2, the correlation coefficient. This method is based on the
minimisation of the total squared distance between the experimental data and
the prediction of the model at each value of φ used.
The best fitting curve was calculated for the organoclays both with and
without the use of the respective MMC terms for tensile modulus given in Section
7.2.2. When the MMC was not used, E0 was held constant at 1.62MPa, the
median value found for the tensile modulus of the unfilled NR vulcanisates. In
this case, it was found that the values of f estimated from TEM images (Table
7.1) significantly underestimated the reinforcement provided by both OMMT
(Figure 7.7) and OSEP (Figure 7.8). The best fit to the experimental data was
achieved using f=15.2 for OMMT (R2=0.84) and f=20.3 for OSEP (R2=0.70),
significantly higher than the measured values. Also, for both organoclays using a
constant matrix modulus produced a considerable underestimate of the effect on
tensile modulus of small amounts of organoclay.
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  Figure 7.7: Modelling E for NR/OMMT RCNs using the mGG model
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  Figure 7.8: Modelling E for NR/OSEP RCNs using the mGG model
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As hoped, using Em instead of E0 gave an improved fit between the model
and the experimental results for both organoclays. The magnitude of f required
to achieve the best fit was also reduced, to f=11.1 for OMMT (R2=0.96) and
f=17.2 for OSEP (R2=0.79). These values of f are much closer to the estimates
from TEM, although they are still slightly larger. Also, there still seems to be
a systematic underestimate of tensile modulus at low φ, though less so than
previously. The fit with the experimental data appeared good, particularly for
OMMT, following the use of the MMC, although the fact that the optimum
values of f did not agree with the estimated values meant that the predictive
value of the model was not great. This might be because, as suggested above,
the model was not intended for particles with such high aspect ratios. It could
also be argued that the difference was due to a systematic underestimation of the
true value of f for the reasons described in Section 7.2.1.
7.3.2 Modelling Shear Modulus
The mGG model was also used to predict the shear moduli of the nano-
composites, with the model fitted to the experimental data for the constant G0
and variable Gm cases. In this case G0 was assumed to be 0.41MPa, the median
shear modulus of the unfilled NR vulcanisates.
It was found that the fit between the model and the experimental data was
less good than had been seen for the equivalent case with tensile modulus. The
primary cause was the much large scatter in the experimental data, which made
it effectively impossible to achieve a very good fit with this or any of the models
being tested.
For this model it was found that using a variable rather than constant matrix
modulus greatly improved the fit, with R2 increasing from 0.36 to 0.70 for OSEP
and from 0.32 to 0.73 for OMMT. Simultaneously the value of f decreased greatly,
from 10.6 to 5.3 for OMMT and from 15.1 to 9.9 for OSEP. The greater shape
factor for OSEP than OMMT was the same as seen with the tensile measurements,
and agreed what was observed by TEM. However, the best fitting values of f were
significantly smaller than their equivalent tensile values, and with the MMC were
well below the estimated values in Table 7.1. This is believed to be due to the
absence of particle alignment in the DBS testpieces because they are produced
by forcing the molten rubber from a transfer pot into the mould. While it is
possible that the particles are aligned as they pass through the die into the mould,
the extrudate will fill up the mould in a haphazard fashion that means that the
orientation cannot be maintained.
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  Figure 7.9: Modelling G for NR/OMMT RCNs using the mGG model
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  Figure 7.10: Modelling G for NR/OSEP RCNs using the mGG model
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7.3.3 Comparison With Published Literature
The result found using the modified Guth-Gold method can be compared with
those reported in two other papers. Ramorino et al. 157 reported a good fit of
this model with tensile modulus results for volume fractions of clay (excluding
modifier) of up to 0.015 in NR, which equates to φ ≈ 0.02 when the volume of the
modifying agent is included. After this, modulus rises much more rapidly with φ
than the model predicts, which the authors attribute to the formation of filler
networks above the percolation threshold. It is worth noting that the authors use
a very high shape factor (f=42), while the shape factor that they estimated from
TEM images of their nanocomposites was in the range 20 < f < 40. Both the
empirical and estimated shape factors are considerably larger than the results
reported in this thesis for similar materials. The authors also do not take into
account the effect of the modifying agent on the modulus of the rubber matrix,
which may explain why they are required to use such a shape factor to get the
model to fit the results.
Similarly, Wu et al. 165 also use the modified Guth-Gold model, though in
this case they are looking at SBR, NBR and CNBR nanocomposites. Good fits
between the models and the experimental tensile modulus results were reported
with all three elastomers for φ ≤ 0.1. They report shape factors of between 26 and
32 depending on which elastomer is used, though the TEM images included in the
paper do not seem to justify such high values. Because the nanocomposites were
produced by latex compounding unmodified montmorillonite was used, and so
there was no necessity to adjust for any effects on modulus of the rubber matrix.
In comparison with the results reported here, both papers reported better fits
between the modified Guth-Gold model and the experimental data. However, in
both cases the authors seem to have neglected an important aspect of the behaviour
of rubber/organoclay nanocomposites, namely the effect of the organoclay on
vulcanisation, and have altered the parameters beyond what seems reasonable to
achieve this fit.
7.4 Krieger-Dougherty Models
7.4.1 Modelling Tensile Modulus
Another micromechanical model based upon Einstein’s theory of viscosity
(Equation 2.6) is that devised by Krieger and Dougherty. The derivation and
background of this model is discussed in Section 2.4.2. The general form of the
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KD model for a filled elastomer is given by:
E = E0 (1− φ/φm)−[η]φm (2.20)
To use this model predictively would require there to be a method of calculating
[η] from other known parameters. In the literature there are various empirical
relationships that have been proposed that relate [η] to f . Using Equations 2.16
and 2.17 gave predicted values of [η]=3 (assuming f=10) for OMMT and [η]=5.7
(assuming f=14) for OSEP. It was discovered that using these values massively
underestimated the amount of reinforcement produced by the organoclays. As-
suming these relationships are accurate for viscosity measurements, the difference
may arise because the filler particles are embedded in the rubber matrix, making
it impossible for them to orientate themselves with the flow as they can during
measurements of viscosity.
The other formulae that were looked at as a way of calculating [η] were
Equations 2.18 and 2.19. These gave somewhat better agreement with the
experimental data than did the previous relationships, with f=10 giving [η]=7.3
for disc-like OMMT and f=16 giving [η]=20.8 for rod-like OSEP. The fit to
the experimental data using these values of [η] was found to be much better for
OSEP (R2=0.70) than for OMMT (R2=0.19). This might mean that f might
be underestimated more by the TEM method for OMMT than for OSEP, or it
might be that the equation is less valid for disc-shaped filler particles.
The KD model was found to fit better with the experimental data than
the mGG model did for both types of organoclay. Assuming a constant E0
of 1.62MPa, the best fit for OMMT (using φm=0.4) was found with [η]=16.6
(R2=0.88), while for OSEP (using φm=0.3) the best fit came at [η]=22.9 (R
2=0.76).
Using Equations 2.18 and 2.19 allowed f to be estimated as f=23.8 and f=17.0
for OMMT and OSEP respectively.
After introducing the MMC term the fit improved significantly, as seen with
the mGG model. The MMC term also resulted in a decrease in [η], and therefore f ,
towards the values in Table 7.1. With OMMT the fit was very good (R2=0.98) for
[η]=11.7, although converting this into a shape factor gave f=16.6, considerably
larger than any of the estimated values. With OSEP the fit was slightly less
good (R2=0.84), but the best fitting value of [η] of 18.3 gave f=14.8, similar
to the estimated values of f for OSEP. Overall the KD model seems capable of
producing a good empirical fit to the data, but so far cannot easily be used to
make predictions about the Young’s modulus of NR/organoclay nanocomposites.
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Figure 7.11: Modelling E for NR/OMMT RCNs using the KD model
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Figure 7.12: Modelling E for NR/OSEP RCNs using the KD model
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7.4.2 Modelling Shear Modulus
Modelling the shear modulus data using the KD model found considerably
lower best fitting values of [η] than were found for the tensile data, as anticipated.
For OMMT the best fit was found with [η]=4.8 (f=6.4) when using the MMC,
while the fit was the same as seen with the mGG model at R2=0.73. This was a
large reduction in [η] compared to the 10.8 seen for a constant matrix modulus.
The fit was also improved again by the use of the MMC term, increasing from
R2=0.45 without it to R2=0.73 with it. There was a very similar story for OSEP,
where using the MMC gave [η]=9.7 (R2=0.77), equating to f=9.8. Both of the
values of f were much lower than the measured values, but this will be due to
the random orientation of filler particles expected in the DBS testpieces. This is
because the aspect ratio in the direction of strain will determine the reinforcing
effect of the filler particles. It can be calculated that for a randomly orientated
population of particles to have an effective shape factor in any direction of 6.4
requires the particles to have an aspect ratio of 9:1 will, while an effective shape
factor of 9.8 needs an aspect ratio of 14.2:1. These values of slightly below the
measured values for OMMT and OSEP, but nonetheless are close enough that the
difference are with the margin of experimental error. It was also considered that
the random orientation of filler particles expected in the DBS testpieces might
reduce φm somewhat from the values used when modelling tensile modulus, but
this was found to have little effect on either the best values of [η] or the fit with
the experimental data.
7.4.3 Comparison With Published Literature
Although there is no previous work on modelling filled rubbers using the
Krieger-Dougherty equation, let alone containing shaped filler particles, it is
possible to look at viscosity measurements to see if they resemble the results
seen here. In particular, it is interesting to compare the [η] values that best fit
the experimental results for the nanocomposites with the analogous values for
suspensions of highly shaped particles
One example of the experimental determination of a suspension containing
particles of a similar size and shape to OMMT was reported by Wierenga et al. 166 .
This work looked at hexagonal sheets composed of gibbsite, a form of aluminium
hydroxide, with an average diameter of 160nm and thickness of 13nm (f ≈ 12).
Measurements of viscosity for suspensions of a range of different concentrations
consistently gave a best result of [η]=23. This was 2.5 times higher than the
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predicted value of [η] for f = 12, which the authors attributed to edge effects
because of the small size and sharp vertices of the particles. Similar work was later
performed by van der Kooij et al.,167 who found lower values of [η] of 9.4 and 5.7
for gibbsite particles with estimated shape factors of 10-13 and 5-8 respectively.
It therefore appears that the results reported above are in the middle of the range
of expected values for [η] for particles with the dimensions seen for OMMT and
OSEP.
7.5 Halpin-Tsai Models
7.5.1 Modelling Tensile Modulus
As explained in Section 2.4.3, the Halpin-Tsai (HT) model was designed
to predict the Young’s modulus of polymeric composites containing fibrous or
lamellar filler particles. The standard model is based on Equations 2.21 and 2.22
as follows:
E
E0
=
1 + 2fφ
1− φ (2.21)
 =
(Ef/E0)− 1
(Ef/E0) + 2f
(2.22)
This model was used to predict the tensile moduli of NR/OMMT (Figure 7.15)
and NR/OSEP (Figure 7.16) nanocomposites.
The HT model fitted exceptionally well with the experimental data for both
organoclays, both with and without use of a MMC. The primary effect of using
the MMC was to decrease f , from 13.3 to 7.8 for OMMT (Figure 7.15) and from
18.3 to 13.1 for OSEP (Figure 7.16), with the quality of the fit being effectively
unchanged for both organoclays. In addition to the very good fit to the data,
the best fitting values of f given by this model are much closer to those in
Table 7.1 than was found with the previous model. Looking more closely at the
different possibilities for calculating f suggests that the best measurement to
use for OMMT is the volume-adjusted shape factor. For OSEP the numerical
mean or median value of f is closest, although the volume-adjusted shape factor
is also a reasonable estimate. It seems reasonable that the volume-adjusted shape
factor should be the most effective measurement of f , as it is similar in effect to
summing over the entire population of particle, taking into account each particle’s
aspect ratio and the volume fraction it occupies.
It is interesting to note that the relationship between Em and φ predicted by
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Figure 7.15: Modelling E for NR/OMMT RCNs using the HT model
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Figure 7.16: Modelling E for NR/OSEP RCNs using the HT model
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the HT model is very linear. This is in contrast to the mGG model which predicted
an increasing amount of reinforcement due to interactions between particles, as
demonstrated by the strong upward sweep to the curves with increasing φ in
Figures 7.7 and 7.8. This appears to be the main reason that the HT model
empirically fits with the experimental data so much better than does the mGG
model. In fact the empirical fit of the experimental data to a linear trendline is very
good for both organoclays. As filler-filler interactions are believed to be responsible
for deviations from linearity in viscosity measurements (Section 2.4.1), and hence
also in modulus measurements, it strongly suggests that such interactions are
not significant at the volume fractions found in these nanocomposites. These
at first appears to contradict the conclusions of Section 5.5.1, but in that case
the evidence of filler networking was only really apparent for higher organoclay
contents than looked at here. In fact, only organoclay contents of 10phr or
less were used specifically to try to avoid filler-filler effects that might make the
properties more difficult to model.
Since this model fits so well with the experimental data and has a best fitting
value of f very similar to that determined from TEM, it seems that the HT model
should be capable of being used predictively to produce nanocomposites with a
desired Young’s modulus. For RCNs based on those in this report, it should only
be necessary to ascertain the volume-adjusted shape factor and the tS1 scorch
time. To predictively model RCNs that use a different cure system would require
the creation of a new MMC term, which would in turn require the production
of a series of compounds using the new cure system and a range of different
DDAC contents. However, the principle of comparing tS1 times and measuring
the moduli of the compounds containing DDAC should still be valid.
A final issue is the use of a ψ correction term to account for the effects of
particle packing in the nanocomposite, as proposed by Lewis and Nielsen 45 . It
was found that using this extra correction made little or no difference to the
predictions of moduli produced by the model over the range of volume fractions
studied. Even using quite a low value of φm of 0.3 for both OMMT and OSEP
(based on viscosity measurements of particles with similar shapes38), at φ=0.05
the predicted modulus was only 1% higher with it than without it. The effect
on modulus of the ψ adjustment only attained a significant magnitude at higher
volume fractions, reaching 6% at φ=0.1 and 16% at φ=0.15.
208
D. J. Lowe, July 2012 Chapter 7. Micromechanical Models of RCNs
7.5.2 Modelling Shear Modulus
The HT model is intended to give the Young’s modulus for composites that
are being extended in the direction of particle orientation. While E = 3G holds
for an incompressible isotropic material, for an anisotropic nanocomposite the
relationship will be more complex because the filler particles will constrain some
deformation modes much more than others. This principle is exploited on a larger
scale in laminated rubber bearings, which contain parallel steel plates inside a
rubber matrix. The steel sheets greatly increase the vertical stiffness of the rubber
by restricting its ability to bulge sidewards, while having no effect on the shear
stiffness. This means that the elastomer will not be expected to deform in the same
way in the presence of highly shaped filler particles as it does when containing
spherical filler particles. There is also the issue, as mentioned previously, of the
lack of alignment of the organoclay particles in the DBS testpieces. Both of these
issues meant that it was expected that this model would give an estimate of f
that is considerably below the values in Table 7.1.
Using the HT model with the shear modulus measurements of the NR/OMMT
nanocomposites (Figure 7.17) gives a value of f of 7.1 (R2=0.66) for the constant
G0. Using the Gm correction instead improves the fit only slightly to R
2=0.73,
while dramatically reducing the best fitting value of f to just 2.2. Similarly, the
best fitting value of f for OSEP decreases from an already-low 10.6 (R2=0.74)
for the G0 case to a very small 5.3 (R
2=0.81) for the Gm case.
7.5.3 Comparison to Literature
In addition to the work using the Guth-Gold model described above, Wu
et al. 165 also used the Halpin-Tsai model to predict the behaviour of rubber/clay
nanocomposites. As mentioned previously, the authors report shape factors of
between 26 and 32 depending on the type of rubber used. However, to make
the model fit with their estimates of f the authors have introduced an arbitrary
modulus reduction factor of 0.66, which has the effect of reducing the effective
shape factor by a third. The justification for this is unconvincingly ascribed to
differences between fibre-like and plate-like fillers, though the choice of 0.66 as
the modulus reduction factor is entirely empirical. The authors also include a ψ
correction, with φm=0.15-0.2 depending on the rubber. These values were chosen
to maximise the fit of the model with the experimental results and seem very low
for genuine values, but they cannot be dismissed as incorrect out of hand.
Comparing the results of Wu et al. with those reported in this thesis, it can
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  Figure 7.17: Modelling G for NR/OMMT RCNs using the HT model
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 0.01 0.02 0.03 0.04 0.05
G
/ 
M
P
a
φOS
Moduli of OSEP RCNs
f=5.4 with OSEP MMC (R²=0.81)
f=10.8 without MMC (R²=0.74)
 
  Figure 7.18: Modelling G for NR/OSEP RCNs using the HT model
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be stated that while both sets of results fit well with the model, this work uses
the model without needing to adjust parameters excessively to make it fit the
experimental data which is in stark contrast to the work of Wu et al.
7.6 Hui-Shia Models
7.6.1 Modelling Tensile Modulus
The HS model is the only model considered herein that was specifically
formulated to look at elastomer/layered silicate nanocomposites. As such, it
might be expected to be the most effective model for NR/OMMT and NR/OSEP
nanocomposites. It is also the most mathematically complex of the four models
investigated. A full description of the model is given in Section 2.4.4.
It was found that for OMMT (Figure 7.19) the HS model gave a very good
empirical fit, with R2=0.98 both with and without the use of a MMC term.
However, to achieve this fit required f to be much higher than either had been
estimated from TEM or was suggested by the other models, with f=36 without
the MMC and f=20.7 when using the MMC. For OSEP (Figure 7.20), the problem
was not that f was much too high, but rather that it was relatively low. While
the best fit was found for f=14.7 for the constant matrix modulus case, with
the variable matrix modulus f was only 11.8. As with OMMT, the fit was not
improved by the use of the MMC term, with R2=0.93 for both cases.
7.6.2 Modelling Shear Modulus
Fitting the HS model to the experimental shear modulus data showed that
the empirical fit between the two was generally as good as was observed for the
other models. With OMMT (Figure 7.21), the best fitting f decreased from a
very high value of 18.7 to just 4.6 after the introduction of the MMC. This was
the largest difference in f in percentage terms seen, which suggests the equations
are quite ill-conditioned: that is, a small change in the inputs produces a large
difference in the outputs. This is undesirable for systems with a large degree of
experimental error, like this one.
Interestingly, the results found for OSEP were generally quite similar to those
of the HT model both in terms of the best fitting f values and the quality of the
fit (Figure 7.22). For the constant matrix modulus case, f was 10.4 with the HS
model compared to 10.8 with the HT model, with an identical fit of R2=0.74 in
both cases. With the MMC term included, the HS model gave f=6.3 while the
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Figure 7.19: Modelling E for NR/OMMT RCNs using the HS model
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Figure 7.20: Modelling E for NR/OSEP RCNs using the HS model
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  Figure 7.21: Modelling G for NR/OMMT RCNs using the HS model
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Figure 7.22: Modelling G for NR/OSEP RCNs using the HS model
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HT model gave f=5.4, with very similar fits of R2=0.82 and R2=0.81 respectively.
There is also a similarity between two models for the tensile modulus results, but
while the HT model seems to fit very well with the TEM-estimated shape factors
the HS model seems to underestimate f by a small but significant margin.
7.6.3 Comparison to Literature
There is very little published on the use of the HS model with elastomer/clay
nanocomposites. The only such paper168 was published contemporaneously with
a paper from the same primary authors reporting the original derivation of the
model itself.46 The paper looks at silicone rubber filled with an unspecified form
of layered silicate, and finds that the model deviates from the experimental
measurements of modulus for φ > 0.004. This is blamed upon imperfect bonding
between the elastomer and the filler, and the majority of the paper involves a
calculation of the interfacial shear stress rather than an attempt to predict the
behaviour of the RCNs.
7.7 Summary
Of the four models tested during this chapter, it is clear that the most useful
is the Halpin-Tsai model, as it predicts the results within experimental variation
using only parameters that have been ascertained from other sources, such as
measurements of shape factors from TEM images. This is the case for both types
of organoclay and at volume fractions of between 0.01 and 0.05. It was, however,
very important to include a term to account for the effect on the modulus of the
rubber matrix of the organic quaternary ammonium salt used as the modifying
agent. The correction to account for the packing of filler particles within the
rubber was shown to have a much smaller effect on the predictive powers of the
model.
The version of the Guth-Gold model modified for highly shaped fillers was
not as effective as the Halpin-Tsai model at predicting the moduli of the nano-
composite, as it consistently underestimated modulus when the measured values of
f were used. The Krieger-Dougherty model could be made to fit the experimental
data well, but it was necessary to choose a value of [η] to make it fit rather
than calculate a value from previously established parameters. This suggests
that further work involving fillers with a range of shape factors could allow an
empirical calibration to be performed, so that the model could be used to make
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predictions about the behaviour of a filler with known dimensions. Finally, the
Hui-Shia model simply did not seem to produce reasonable results when the
estimated shape factors of the OMMT and OSEP particles were used, though it
was possible to get good fits to the experimental data for values of f that were
higher than expected for OMMT and lower than expected for OSEP.
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Chapter 8
In Situ Modification of Clays
8.1 Introduction
This chapter follows on from the work in Section 5.4.1, which showed that
DDAC was responsible for the overwhelming majority of the effects of OMMT on
the vulcanisation of NR. Subsequent to this work a compound containing both
montmorillonite and DDAC was produced that showed evidence of significant
filler reinforcement. This led to further work being performed to study both how
the clay was being modified in situ and how the properties of montmorillonite
and sepiolite nanocomposites produced this way compared to those of RCNs
made using pre-modified organoclays. Much of this work has been published
in the journal Macromolecular Materials and Engineering in a paper entitled
“NR/Organoclay Nanocomposites by In Situ Modification of Clay.”169
8.2 Initial Display of In Situ Modification
8.2.1 Vulcanisation Behaviour
As a continuation of the work comparing the effects of DDAC and OMMT on
vulcanisation behaviour described in Section 5.4.1, a compound was produced
containing montmorillonite and DDAC (M-3.25/D-1.75). It had been reported
previously by Lo´pez-Manchado et al. 8 that while an ammonium-based organic
modifier has a significant accelerating effect on vulcanisation, adding the unmodi-
fied clay alone has a slight retarding effect. Although this publication did not
look at the effects of a combination of the two, it was presumed that a compound
containing both (M-3.25/D-1.75) would show a slightly slower cure than one
containing only DDAC (D-1.75). This was found to be the case (Figure 8.1),
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  Figure 8.1: Rheometry of OM*-5, M-3.25/D-1.75, and D-1.75 at 150◦C
with M-3.25/D-1.75 giving almost identical tS1 and t95-tS1 times to OM*-5,
which contained identical amounts of clay and modifier.
8.2.2 Tensile Properties
Prior to performing tensile stress-strain testing on these compounds, it was ex-
pected that M-3.25/D-1.75 would show reductions in both tensile modulus and
tensile strength compared to D-1.75. While the DDAC was expected to increase
crosslink density by a similar amount in both cases, the clay particles present in
M-3.25/D-1.75 were expected to interfere with the large-scale crosslink network.
However, both were expected to show increased modulus compared to M-0 and
M-5.
Figure 8.2 shows that in fact M-3.25/D-1.75 had a greater tensile modulus
than D-1.75, while both possessed effectively identical tensile strengths. The
increase in modulus seen for M-3.25/D-1.75 was approximately two thirds of that
produced by OM*-5, while the modulus increase for D-1.75 was about one third
of the difference between OM*-5 and M-0. By contrast, the addition of 5phr of
montmorillonite seemed to have virtually no effect on tensile modulus. Surprising
as it initially seemed, the best explanation was that the DDAC was intercalating
into the montmorillonite and displacing the exchangeable metal cations between
the layers as the material was being mixed. The organically-modified clay could
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  Figure 8.2: Tensile stress-strain measurements of OM*-5, M-3.25/D-1.75, and
D-1.75: 0-300% extension
then exfoliate into the rubber to produce an nanocomposite. To confirm that
this was actually happening required direct evidence of modification of the clay.
The easiest way to achieve this would be by direct visualisation with TEM and
measurement of interlayer separation using XRD.
8.2.3 Transmission Electron Microscopy
As anticipated following the unexpected tensile properties, TEM images of
M-3.25/D-1.75 (Figure 8.3) showed a well-exfoliated nanocomposite that was
very similar to nanocomposites produced from pre-modified OMMT, as seen in
Figures 5.1 and 5.2. Similarly, the substantial difference between this material
and an NR/montmorillonite composite (Figure 5.3) emphasised the fact that in
situ modification of the clay must be occurring.
8.2.4 X-Ray Diffraction
XRD was also used to confirm that simultaneously adding DDAC and mont-
morillonite into NR during mixing led to modification of the clay. Figure 8.4
shows the XRD pattern for M-3.25/D-1.75, along with those for Nanofil 588
clay, Nanofil 5 clay, and the RCN OM*-10g, previously shown in Figure 5.5.
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  Figure 8.3: TEM image of M-3.25/D-1.75
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  Figure 8.4: XRD patterns for M-3.25/D-1.75, OM*-10g, Nanofil 8 and Nanofil
588
M-3.25/D-1.75 was found to have two distinct peaks in its diffraction spec-
trum. The peak at 2θ=6.5◦ corresponds to an interlayer spacing of 1.35nm. This
is slightly higher than the 1.25nm interlayer spacing seen for unmodified montmo-
rillonite, with the difference most likely due to a slight variation in the amount
of absorbed water in the clay. The peak at 2θ≈4.9◦ corresponds to an interlayer
spacing of 1.8nm, which is too wide to just be due to hydration of the clay.
This means that the DDAC must be intercalating between the clay sheets and
organically modifying them during mixing. However, it is slightly smaller than the
1.9nm spacing indicated by the peak at 2θ=4.6◦ seen for 0M*-10g. The increase
in intensity seen approaching 2θ=2◦ is primarily due to the conditions under
which this specific measurement was made, although there is also some indication
that a signal due to an interlayer reflection may present. However, the rise in the
intensity of the background signal meant that it cannot be distinguished.
8.2.5 Crosslink Density Measurements
It was demonstrated previously (Section 5.4.3) that DDAC was responsible
for the increased crosslink density. It was also observed that crosslink density was
generally greater in vulcanisates containing DDAC alone than in OMMT RCNs
with an equivalent DDAC content, due to a combination of greater accessibility
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Empirical C1 nphys
SAF [g.cm−2] [mol.m−3]
D-1.75 1.01 2300 91
M-3.25/D-1.75 1.30 2140 85
OM*-5 1.38 2100 84
M-5 1.12 1620 64
M-0 1.01 1740 69
Table 8.1: Comparison of crosslink density of NR/DDAC/montmorillonite vul-
canisate with other NR vulcanisates
of the modifier and the filler interfering with the crosslink network. It was
therefore of interest to see how the crosslink density of an RCN created by in situ
modification compared to that produced by DDAC or OMMT. The results are
shown in Table 8.1.
The lowest crosslink densities were found for M-0 and M-5, with a slightly
lower value for the latter. The crosslink density for M-0 was the same as that
seen for equivalent formulations in Section 5.4.3. The two RCNs had very similar
crosslink densities, while D-1.75 had the highest values of nphys, as expected.
Comparing the empirical SAFs suggests that, since the amount of clay was the
same, OM*-5 must have slightly better exfoliation than M-3.25/D-1.75, while
both show considerably more exfoliation than M-5. It is also noticeable that
the trend in nphys is the same as that seen for MH-ML, again suggesting a strong
relationship between the two.
8.3 Literature Review
Prior to the discovery that it was possible to create NR/OMMT nano-
composites by in situ modification of clay during mixing, there had been no
attempt made to investigate the literature on this technique. Subsequent to the
work described above, a review of the literature found that very little had been
published on this subject. Jeon et al. 170 had used in situ modification to make
montmorillonite more compatible with an NR/BR/EPR blend. However, the
authors used poly(ethylene glycol) variants with hydrophobic organic segments
to modify the clay instead of a quaternary ammonium ion, and so this work only
served to confirm the principle the in situ modification was possible. The only
paper looking at modification of clay by a quaternary ammonium salt during
mixing was by Wang et al.,159 who described in situ modification of 18phr of
montmorillonite by 12phr of DDAC in BR. The vulcanisation behaviour was
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similar to that of an equivalent amount (30phr) of commercial OMMT, though
the cure time was significantly shorter with the commercial OMMT. The paper
continued with a study of the effects of both mixing temperature and mixing
duration on the vulcanisation behaviour and the physical properties. XRD of the
compounds found that the nanocomposites produced from in situ modification of
clay and from commercial organoclays had identical interlayer spacings. There
have also been patents granted that refer to the use of this technique to produce
rubber/clay nanocomposites, such as US6858665, but these are generally too
short of precise details to allow analysis.
8.4 Effects of Different Modifier Contents
After determining that in situ modification of montmorillonite during mixing
was possible, the first point of investigation was how the ratio of organic modifier to
clay affected the properties of the materials. Although there had some investigation
of this by Wang et al.,159 it was a very limited study looking only at TS and EB
of the vulcanised nanocomposites. In particular, it was of interest to see what
impact different amounts of modifier had on the clay at a microscopic level, in
terms of intercalation and exfoliation.
There were two ways in which the clay to modifier ratio could be investigated:
Either the amount of clay could be reduced as DDAC was added, to keep the
notional OMMT content constant; or the quantity of clay could be kept constant
as DDAC was added. It was decided that the latter method would give a fairer
reflection of the behaviour of the clay. Four compounds were produced with
identical montmorillonite contents of 10phr, one of which was a control that
did not contain any DDAC (M-10). The other three contained DDAC at levels
of 1phr (M-10/D-1), 3phr (M-10/D-3) and 5phr (M-10/D-5), equivalent to
organic contents of 9%, 23% and 33% by weight respectively. Three formulations
containing DDAC without montmorillonite were also produced for the purposes
of comparison, as the DDAC would significantly affect the properties of the NR
even in the absence of clay. These compounds contained 1phr (D-1), 3phr (D-3)
and 5phr (D-5) of DDAC respectively.
8.4.1 X-Ray Diffraction
One method used to investigate the microstructure of the RCNs produced by
in situ modification was XRD, which allowed the change in inter-layer spacing
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Figure 8.5: XRD patterns for NR/montmorillonite vulcanisates with different
DDAC contents
of the clay as DDAC was added to be monitored. This had not been studied
previously, as although Wang et al. 159 had used XRD on similar materials, it had
not looked at how intercalation of the clay changed with DDAC content.
M-10 showed a single broad peak that was centred around 2θ=6.5◦-6.8◦. Using
Bragg’s law (Equation 2.31), this equates to an interlayer spacing of 1.3-1.35nm.
While slightly larger than the 1.25nm seen for Nanofil 588, this was the same inter-
layer spacing as that given by the peak attributed to unmodified montmorillonite
in M-3.25/D-1.75 (Figure 8.4). The XRD pattern for M-10/D-1 was almost
identical to that of M-10, with a single peak due to unmodified montmorillonite.
There was no evidence of any intercalation of the organic modifier into the clay,
although XRD will not give any signal for fully exfoliated montmorillonite.
The XRD pattern of M-10/D-3 differed from that of M-10 and M-10/D-1,
while it closely resembled that of M-3.25/D-1.75. The peak at 2θ=6.6◦-7.0◦ was
attributed to unmodified montmorillonite as before, while the peak at 2θ=4.8◦-
5.0◦, corresponding to an interlayer spacing of 1.8nm, was evidence of intercalation
of the clay. This proved that a significant amount of organic modification of the
clay had occurred. There was also some evidence of a signal at 2θ≈2.5◦, although
this was too broad and flat to properly distinguish from the background signal.
M-10/D-5 showed two peaks initially attributed to the presence of interca-
lated clay, as well as a peak at 2θ=6.9◦ ascribed to unmodified montmorillonite.
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The first was at 2θ=2.3◦, corresponding to an inter-layer spacing of 3.8nm, while
the second was at 2θ=4.6◦, equivalent to 1.9nm. These values are very similar
to the interlayer spacings seen for the pre-modified OMMT RCNs OM-10d and
OM*-10g. However, it is very possible that the peak at 2θ=4.6◦ is actually a
second order reflection of the peak at 2θ=2.3◦, as Equation 2.31 suggests might
occur. Similarly, the peak at 2θ=6.9◦ might be a third order reflection of the
same peak, rather than a signal due to unmodified montmorillonite that would
also be expected to occur in this region.
8.4.2 Transmission Electron Microscopy
The other effective method of investigating how the DDAC was modifying
the montmorillonite was TEM. This was used to look at samples of the four
montmorillonite-filled vulcanisates. Beginning with M-10/D-5 (Figure 8.6),
it can be seen that the clay has been intercalated and then exfoliated into
tactoids and individual sheets. This microstructure is almost identical to that
of nanocomposites made using pre-modified organoclays (Figure 5.2). From the
micrographs of M-10/D-5 the inter-layer spacing of the clay is estimated to
be between 3.5nm and 4nm for most tactoids. However, a small number of
particles have inter-layer spacings of ∼2nm, agreeing with the XRD results for
this material.
M-10/D-3 (Figure 8.7) also has much of the clay in the form of tactoids with
inter-layer spacings of between 3.5nm and 4nm, with a smaller number of tactoids
with an inter-layer spacing of ∼2nm and a few fully exfoliated sheets. The lack
of a clear signal due to the particles with the larger inter-layer spacings in this
material’s XRD pattern is difficult to justify from these images, although there
can be factors other than relative abundance that control intensity of peaks in
XRD patterns136. There is also a lower concentration of particles in the images of
M-10/D-3 than of M-10/D-5, which implies the presence of greater amounts
of unmodified montmorillonite. However, since no unmodified clay particles are
visible in any images of M-10/D-3, they must be sufficiently widely dispersed
to be difficult to locate using TEM.
Most micrographs of M-10/D-1 (Figure 8.8) showed a low concentration of
tactoids, because of the limited degree of organo-modification in this compound.
The remaining unmodified montmorillonite is found in the form of very large
agglomerates, as can be seen in Figure 8.9. Both the particles of unmodified clay
visible in this image appear to be in the process of shedding clay particles in the
rubber matrix, presumably following organic modification by DDAC. It is also
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Figure 8.6: TEM image of M-10/D-5
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Figure 8.7: TEM image of M-10/D-3
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  Figure 8.8: TEM image of M-10/D-1, showing exfoliated particles
227
D. J. Lowe, July 2012 Chapter 8. In Situ Modification of Clays
 
  Figure 8.9: TEM image of M-10/D-1, showing unexfoliated particles
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noticeable that in Figure 8.8 the clay is highly exfoliated, with a higher proportion
of fully exfoliated sheets. This goes some way to explaining the absence of a
signal due to intercalated clay in the XRD pattern for M-10/D-1 (Figure 8.5),
as fully exfoliated clay will not produce an XRD signal.
Considering the evidence from XRD and TEM, it appears that in situ modifi-
cation proceeds by absorption of DDAC onto the surface of the large unmodified
clay particles, where it intercalates between the clay sheets and displaces the
inter-layer metal cations already present. Once the internal face of a clay sheet
is sufficiently modified it can be peeled off the surface, allowing the underlying
sheets to also be modified. This initially results in a binary mixture of large
unmodified clay particles and some modified clay as either individual sheets or
very small tactoids, as seen in Figure 8.8. Only a very weak XRD signal would be
expected from the modified clay due to the lack of large tactoids, explaining the
absence of an obvious intercalated clay peak in the XRD pattern of M-10/D-1.
It is proposed that using more DDAC counter-intuitively results in the presence of
larger OMMT tactoids because the unmodified clay particles shrink until reaching
a size where the DDAC can penetrate throughout the particle, causing it to disin-
tegrate before the clay is completely modified. The rapid disintegration produces
larger tactoids than during the earlier peeling phase. Even higher DDAC contents
produce more clay modification, even while some clay remains unmodified.
8.4.3 Vulcanisation Behaviour
Figure 8.10 shows that tS1 decreases significantly with DDAC content for
the compounds containing montmorillonite. MH-ML also increased with DDAC
content for these compounds, while there was also a less obvious decrease in t95-tS1.
By way of comparison, the NR/DDAC compound D-1 had a tS1 time that was
intermediate between those of M-10/D-3 and M-10/D-5. This might be due
to the clay having a retarding effect on vulcanisation, but it is thought more likely
that the cause is intercalation of much of the DDAC into the montmorillonite
where it is inaccessible. D-1 also gave a similar result for MH-ML to the RCNs,
implying a similar level of crosslink density.
8.4.4 Tensile Properties
It was previously shown that DDAC increases tensile modulus when added
to NR (Section 5.4.2), but the increased modulus when DDAC was added in
combination with montmorillonite was considerable greater than had been seen
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Figure 8.10: Rheometry of compounds with varied montmorillonite and DDAC
contents at 150◦C
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  Figure 8.11: Tensile stress-strain measurements of OMMT RCNs produced by in
situ modification with different DDAC contents: 0-300% extension
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with DDAC alone (Figure 5.23). Furthermore, the increase in modulus was
especially large at low strains, which is the same behaviour as previously noticed
with OMMT and suggests that the cause is filler reinforcement. The difference
between M-10/D-3 and M-10/D-5 was a lot smaller than between M-10/D-1
and M-10/D-3, which is thought to show that a diminishing return to extra
organic modification as the modification level rises. TS was found to be very low
for M-10 but was increased substantially for M-10/D-1, and for M-10/D-3
and M-10/D-5 was equivalent to that found previously for NR/OMMT nano-
composites.
8.4.5 Crosslink Density
In addition to the tensile stress-strain testing, C1 testing was used to find
the crosslink density of these vulcanisates (Table 8.2). It was found that M-10
had a much lower crosslink density than the unfilled NR vulcanisates discussed
in Section 5.4.3, due to the hydrophilic clay particles producing large voids in
the crosslink network that undergo cavitation under strain. When DDAC was
added to the montmorillonite, the crosslink density increases greatly, along with
the SAF. This is due to the break-up of the montmorillonite agglomerates into
tactoids, decreasing cavitation and increasing the strain amplification, as well as
the previously reported ability of DDAC to increase crosslink density by acting
as a vulcanisation accelerator.
Empirical C1 nphys
SAF [g.cm−2] [mol.m−3]
M-10 1.11 1290 51
M-10/D-1 1.18 1720 68
M-10/D-3 1.44 2180 86
M-10/D-5 1.65 2420 96
Table 8.2: Crosslink densities of NR/montmorillonite composites containing
different amounts of DDAC
8.4.6 Comparison With Literature
The only paper to look at in situ modification of clay with DDAC in rubber
was by Wang et al.,159 and it did not discuss the tensile moduli of nanocomposites
produced this way. Although the variation of TS with modifier content was looked
at for a range of contents from 70% to 130% of the notional interlayer metal
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cation content of the clay, it is difficult to know how much weight to attach to
the authors’ conclusion that the optimal amount of modifier to add is 85% of the
amount required to replace all the exchangeable metal cations. While this gave
the greatest value of TS in their results, there was no clear trend in the results:
the second highest TS came for a modifier content of 120% of the amount of metal
cations. There is also no indication as to the repeatability of the measurements,
such as how many tests were performed.
8.5 Effects of Different Mixing Durations
One issue of interest regarding in situ modification of clay during mixing was
whether to achieve optimum results using this method would require extended
mixing times. Although extended mixing had little or no impact on the properties
of NR/OMMT nanocomposites mixed under standard conditions (Section 5.4.6),
it was felt that the modification process might be comparatively lengthy. The
reasoning is that for modification to occur, it is necessary for the clay particles to
be in close proximity to molecules of the modifying agent, and then stay there for
sufficient time for the modifier to displace the interlayer metal cations.
Since the standard four minute mixing procedure was believed to be necessary
to achieve good dispersion of the other additives, it was decided to use this
as the minimum mixing time and to see if extra mixing had any effect on the
properties of the nanocomposites. Three compounds were produced that had
identical formulations but were mixed for different periods of time: four minutes
(M-6.5/D-3.5/4min), eight minutes (M-6.5/D-3.5/8min) and twelve minutes
(M-6.5/D-3.5/12min). The mixing procedure was based on the standard
procedure described in Section 3.2.2), except for the differences in dump time.
8.5.1 Vulcanisation Behaviour
The rheometry of the three nanocomposites (Figure 8.12) showed that they all
had effectively identical vulcanisation behaviour. This agrees with what was seen
for the pre-modified organoclay nanocomposites that were mixed for different
durations (Table 5.5), which also showed no significant differences. Comparing
the two series of RCNs, the most important difference was that the in situ
modified RCNs had a consistently longer scorch time and lower cure rate. The
best explanation is that the unmodified remainder of the montmorillonite, which
XRD suggests is more prevalent in the in situ modified RCNs, has a retarding
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  Figure 8.12: Rheometry of in-situ modified OMMT RCNs mixed for different
durations, at 150◦C
effect on cure. The in situ modified RCNs also showed higher MH-ML values,
which suggests a slightly higher crosslink density in these compounds. There was
no clear difference in the reversion between any of the nanocomposites.
8.5.2 XRD
One possible way of investigating the effect of mixing duration on the degree
of organic modification of the montmorillonite was to use XRD. It was thought
that if the modification process was not rapid then there would be a decrease in
the intensity of the peak at around 2θ=6.7◦ as mixing duration increased, and
a concomitant increase in the intensity of the peaks indicating intercalated clay.
It was also thought that position of the peak at the lowest value of 2θ might
shift somewhat as the amount of modifier intercalated into an individual particle
increased with time, although this would depend on the stability of different
intercalation states.
XRD of these RCNs showed no clear effect of mixing duration on the amount
of modification seen for the clay. The peaks were in the same locations for all
three RCNs, so there was no indication that more DDA was intercalating with
time. Although there was an increase in the intensity of the peak at 2θ=2.3◦
for M-6.5/D-3.5/12min compared to M-6.5/D-3.5/4min, the XRD pattern
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Figure 8.13: XRD patterns of in-situ modified OMMT RCNs mixed for different
durations
for M-6.5/D-3.5/8min had a much smaller peak in this region. This implies
that the intensity of this peak is not directly controlled by mixing duration, and
any variation is likely to be a statistical artifact. M-6.5/D-3.5/8min also had
the most intense peak at 2θ=6.8◦, suggesting that more unmodified clay was
present. Comparing the XRD patterns of these materials to those of the similar
RCNs made using pre-modified OMMT, it is clear that they are identical in most
respects. The only difference between them is that there is more unmodified
montmorillonite present in the in situ modified RCNs, as mentioned previously.
This reconfirms that the interlayer spacings found for NR/OMMT nanocomposites
are those that have a particularly stable configuration, rather than just being an
amorphous arrangement of DDA cations stuffed between the sheets.
8.5.3 Tensile Properties
Tensile stress-strain measurements of the in situ modified nanocomposites
(Figure 8.14) showed that the different mixing durations had very little effect
on either tensile modulus or TS. While a slight decrease in tensile modulus was
observed for M-6.5/D-3.5/12min compared to the other two vulcanisates that
might be attributed to the extended mixing, the difference was within the range of
experimental variability to be expected for these materials. The results were also
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Figure 8.14: Tensile stress-strain measurements of in-situ modified OMMT RCNs
mixed for different durations: 0-300% extension
very similar to those seen for the pre-modified organoclay (Figure 5.24), with the
main difference being that the pre-modified organoclay produced slightly higher
tensile moduli below ∼150% strain. This is believed to be due to better rubber-
filler interaction with the pre-modified OMMT as it is more effectively modified
beforehand than during mixing. Another explanation is that the exfoliation level
of the clay in the RCNs produced by in situ modification is slightly inferior to
that in the standard RCNs.
8.6 NR/OSEP RCNs by In Situ Modification
To see if it was possible to organically modify other clay minerals in situ during
mixing, sepiolite and DDAC were compounded together into NR in the same way
as before. The amount of DDAC required to fully modify the sepiolite is smaller
than for montmorillonite because sepiolite has a much lower CEC. The quantity
and type of inorganic sepiolite used was 9.25phr of Pangel S9 for all the test
compounds. Four different DDAC contents were used: 0phr (mS-9.25), 0.5phr
(mS-9.25/D-0.5), 0.75phr (mS-9.25/D-0.75) and 1phr (mS-9.25/D-1). The
amount of sepiolite was chosen to allow comparison to compounds containing
10phr of the pre-modified OSEP Pangel B20, which is believed to be composed
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of 7.5% organic material and 92.5% clay. In addition, four control compounds
were produced with the same DDAC contents but without sepiolite: D-0, D-0.5,
D-0.75 and D-1. The standard four minute mixing procedure specified in Section
3.2.2 was used for all of these compounds.
8.6.1 TEM
As expected, TEM images of mS-9.25/D-1 (Figure 8.15) were very similar
to images of mS-9.25 (Figure 6.1) and OS-10 (Figure 6.3), with well-dispersed
particles that showed a significant overall alignment. This demonstrates again
that organic modification of sepiolite, in situ or otherwise, does not have any
appreciable effect on the microstructure, which therefore cannot cause any varia-
tion in the properties of the NR/mSEP nanocomposites following the addition of
DDAC. This means that any such differences must be due to either the effects of
the DDAC on vulcanisation, or increased compatibility of the sepiolite with the
rubber leading to stronger rubber-filler interaction.
8.6.2 Vulcanisation Behaviour
Rheometry of the compounds containing Pangel S9 (Figure 8.16) showed the
same trends in vulcanisation behaviour due to addition of DDAC as were seen
for montmorillonite. As before, there were decreases in tS1 and t95-tS1 and an
increase in MH-ML following the addition of DDAC. The vulcanisation behaviour
of mS-9.25/D-1 was also very similar to that of OS-10, with the main difference
being that mS-9.25/D-1 had a longer cure onset time. This is the same trend
as seen with montmorillonite, for example when comparing M-6.5/D-3.5 with
OM*-10g, and is attributed to the retarding effect of any remaining unmodified
clay.
Comparing the vulcanisation behaviour of the sepiolite-filled compounds with
that of the unfilled compounds containing DDAC (Figure 8.17) shows that while
tS1 is almost identical for mS-9.25 and D-0, it decreases more rapidly with
DDAC content in the absence of sepiolite. This suggests that some of the DDAC
is becoming inaccessible after modifying the clay. Since peak rate is decreased
and t95-tS1 increased for mS-9.25 and mS-9.25/D-0.5 relative to their unfilled
counterparts D-0 and D-0.5, it is believed that sepiolite has a retarding effect on
curing without affecting cure onset time. MH-ML was lower for mS-9.25 than for
D-0 because, as with montmorillonite, the unmodified filler particles interfere with
the large-scale crosslink network. However, it increased with DDAC content, and
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Figure 8.15: TEM image of mS-9.25/D-1
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Figure 8.16: Rheometry of NR/mSEP compounds with different DDAC contents
at 150◦C
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Figure 8.17: Rheometry of unfilled NR compounds with different DDAC contents
at 150◦C
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Figure 8.18: Tensile stress-strain measurements of NR/mSEP vulcanisates with
different DDAC contents: 0-300% extension
was effectively the same for mS-9.25/D-1 as for D-1. This implies not only an
increase in crosslink density due to the effects of the DDAC on vulcanisation, but
also increasing organo-modification of the sepiolite giving improved rubber-filler
interaction.
8.6.3 Tensile Properties
The tensile modulus of the mSEP nanocomposites was increased by addition
of DDAC (Figure 8.18), although there was relatively little difference between
mS-9.25/D-0.5, mS-9.25/D-0.75 and mS-9.25/D-1. The increase was most
substantial at low strains, with the difference being quite small by 150% strain.
Comparing mS-9.25/D-1 to OS-10, the difference is again only really noticeable
at low strains. This difference is not believed to be an effect of the modifier
on vulcanisation, but instead is due to better compatibility of the pre-modified
OSEP than the in situ modified OSEP with the NR matrix. The increasing
compatibility of the mSEP with the NR matrix after organic modification also
explains the increasing trend in tensile strength.
The tensile moduli of all three compounds containing DDAC but no clay
were very similar, although there was evidence that D-1 had a slightly greater
modulus at higher extensions (Figure 8.19). All three were of consistently greater
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Figure 8.19: Tensile stress-strain measurements of unfilled NR vulcanisates with
different DDAC contents: 0-300% extension
modulus than D-0. This behaviour was the same as the trend in MH-ML seen
for the vulcanisation behaviour of the same compounds. As there could be no
filler reinforcement in these vulcanisates, the increase in modulus must be due
to increased crosslink density, which would therefore also be very similar for all
three materials. TS for all four vulcanisates showed very little change, which was
expected given there was no strain amplification effects or changes in the rubber’s
ability to strain crystallise.
8.7 Summary
It was discovered that NR/organoclay nanocomposites could be produced
by in situ modification of clay during mixing using both montmorillonite and
sepiolite clays. The amount of modification can be controlled by adjusting the
ratio of clay to the modifying agent, in this case DDAC. Using appropriate
levels of DDAC allows the creation of nanocomposites that closely resemble
nanocomposites produced using commercial pre-modified organoclays in terms
of intercalation and exfoliation of clay when examined using XRD or TEM, and
also possess very similar tensile moduli and tensile strengths.
In situ modification of montmorillonite produces a large increase in tensile
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modulus, while the detrimental effect of montmorillonite on tensile strength is also
eliminated by sufficient organic modification. In situ modification also appears
to result in slightly longer cure onset times than pre-modified OMMT, which is
attributed to a retarding effect of the remaining unmodified clay, and was shown to
occur relatively rapidly, making it unnecessary to use extended mixing durations
to achieve good exfoliation. With sepiolite it was found that the unmodified
clay was well dispersed and gave a significant increase in tensile modulus, and
so the impact of in situ modification was smaller than with montmorillonite,
although low strain tensile modulus was significantly increased. Finally, the
smaller amount of vulcanisation-active DDAC required to modify sepiolite means
that vulcanisation behaviour is less affected than with OMMT.
In summary, it appears that clay can be organically modified in situ to
produce NR/organoclay nanocomposites that have properties close to or equal to
those of nanocomposites created using pre-modified organoclays. This method
would be expected to offer considerable economic advantages over the use of pre-
modified organoclays, as well as offering the potential for greater customisation
of nanocomposite properties by varying the type and quantity of organic modifier
used.
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Silane Coupling Agents With
RCNs
9.1 Introduction
Silane coupling agents have played a crucial role in increasing the use of silica as
a reinforcing filler in rubber. They work by reacting with silanol (Si-O-H) groups
found on the surface of silica particles, providing a hydrophobic coating that
disrupts the formation of inter-particle hydrogen bonds. These hydrogen bonds
are responsible for the majority of the attractive forces between silica particles,
and so the hydrophobic coating causes any silica agglomerates to dissociate during
mixing. This process leads to a much more uniform dispersion of silica particles
within the rubber. A silane coupling agent, as the name suggests, also joins the
silica to the rubber network through a permanent chemical bond. This leads
to a much stronger interaction between the rubber and the filler, along with a
contribution from the effects of the silica having a hydrophobic coating.
Clays have a silicate structure chemically similar to that of silica, and it has
been shown131,132 that a silane coupling agent such as TESPT (Figure 2.3a) can
form permanent chemical bonds between the clay and the rubber network. As
modification of a clay into an organoclay should not remove silanol groups from
the surface, it was thought likely that organoclays would also react with a silane
coupling agent. Concerns that the bulky organic ions would block access of the
silane to the silanol groups on the clay surface were diminished by reports from
Lo´pez-Manchado et al. 55 and Kim et al. 133 of successful use of silane coupling
agents with organoclays. Neither paper, however, provided much detail regarding
the specifics of the actions of the coupling agent.
As explained in Section 2.2.3, high mixing temperatures are required to react
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the silane coupling agent with silica, but if the temperature is too high then it
will prematurely react with the rubber network also. With TESPT, temperatures
of above 140◦C are desired to achieve reaction with silica, while the polysulfide
functionality will start to react with the rubber if the mixing temperature exceeds
160◦C. Therefore it is desirable for the dump temperature (the temperature of the
rubber immediately following removal from the internal mixer) of silica/TESPT
compounds to be within this range. It is not certain that the reactivity of any
silanol groups on OMMT or OSEP would be the same as with silica, meaning that
a temperature higher or lower than 140◦C may be required for good reaction with
TESPT. However, without evidence to the contrary it was decided to proceed
on the assumption that 140◦C was a reasonable target. In OTPTS and MPDES
the active sulfur functionality is a thiol group, albeit blocked as a thioester in
OTPTS, and this is not expected to react with rubber in the absence of free
sulfur.
The literature review into RCNs containing silane coupling agents (Section 2.9)
shows that only limited information on these materials had been published. The
only consistent trend was an increase in tensile modulus following the introduction
of a silane coupling agent such as TESPT into a formulation. It also appeared
that silane coupling agents would reduce permanent set, although increases in
hardness and tear strength were not universally supported. TESPT was also
twice reported to decrease tan δ, although it was not reported to change the
dynamic modulus significantly. Aspects of the work presented in this chapter
have been submitted as a paper to the journal Rubber Chemistry and Technology.
9.2 NR/OMMT/TESPT Nanocomposites
9.2.1 Initial Work on TESPT with OMMT
The initial work was primarily intended to demonstrate the feasibility of using a
silane coupling agent with organoclay, and so a high ratio of silane to clay was used.
TESPT, being the most commonly used silane coupling agent, was chosen for the
Dump Temperatures
OM-5/T-0/5+5min 143◦C and 146◦C
OM-5/T-1/5+5min 149◦C and 149◦C
OM-5/T-2/5+5min 149◦C and 145◦C
Table 9.1: Dump temperatures for OMMT/TESPT batch A
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Figure 9.1: Rheometry of OMMT/TESPT batch A at 150◦C
initial investigation. OMMT/TESPT batch A consisted of three compounds each
containing 5phr of OMMT (Nanofil 8) and either 0phr (OM-5/T-0/5+5min),
1phr (OM-5/T-1/5+5min) or 2phr (OM-5/T-2/5+5min) of TESPT, and
were otherwise of standard formulation. All three compounds were produced
using the three-stage mixing procedure given in Section 3.3.4, with dump times of
five minutes for both the first and second stages. This mixing procedure, which
is often used for silica/silane mixes, was used for these compounds to try to
maximise the yield of the silane/organoclay reaction, even though mixing for
longer than required may degrade the rubber properties due to over-mastication.
The dump temperatures (Table 9.1) for these compounds were all within the
desired range of 140-160◦C, which is required to ensure that the coupling agent
will react with the clay but not with the rubber. It should be noted that for
these compounds, as for all the other compounds containing TESPT, the amount
of sulfur added was reduced slightly to account for the presence of extra sulfur
atoms in TESPT, keeping the overall level of sulfur the same for all compounds.
Vulcanisation Behaviour
TESPT did not have a major impact on vulcanisation of the NR/OMMT
nanocomposites (Figure 9.1). A small increase in the cure time (t95-tS1) was
observed, although the scorch time (tS1) was not significantly altered. Close exam-
ination of Figure 9.1 shows that the rheometry curves were initially very similar
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for all three compounds, and that the difference in t95-tS1 was due to changes in
the vulcanisation kinetics near cure completion. MH-ML was also increased by
the addition of TESPT, while reversion after 60 minutes was decreased. For more
discussion of the vulcanisation behaviour of OMMT/TESPT nanocomposites see
Section 9.2.5.
Tensile Properties
Figure 9.2 shows a distinct difference in the tensile stress-strain behaviour of
the RCNs with and without TESPT. The stress-strain curves begin to diverge
at around 40-50% strain, with the TESPT increasing the tensile modulus of the
RCNs. The difference between the RCNs with TESPT and the control compound
peaked at around 250% strain. At higher extensions strain crystallisation and
finite extensibility effects began to dominate, causing the modulus of all the
vulcanisates to increase sharply. The additional reinforcement provided by the
TESPT did not seem to change TS: although a small decline in the median
value was observed with TESPT content, consideration of the three values of TS
measured for each compound showed a considerable degree of overlap.
Looking at the variation of tangent modulus with strain for these materials
(Figure 9.3) allows a better understanding of this behaviour. Rather than increas-
ing the reinforcing effect of the organoclay particles, the main effect of the TESPT
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Figure 9.3: Variation of Etan with strain for OMMT/TESPT batch A: 0-100%
extension
was to reduce its decline. Below 10% strain the behaviour of Etan was somewhat
erratic, possibly due to clamping-induced deformation. Between 10% and 40%
strain, Etan appears to be very slightly lower for OM-5/T-0/5+5min, although
whether this was due to the TESPT or experimental variation is arguable. At
around 40% strain Etan began to level off at ∼1.5MPa for OM-5/T-1/5+5min
and OM-5/T-2/5+5min, while Etan of OM-5/T-0/5+5min continued to
fall slowly. There is little difference seen between OM-5/T-1/5+5min and
OM-5/T-2/5+5min on either Figure 9.2 or 9.3, implying that the additional
TESPT has a minimal effect on tensile properties.
The different behaviour of the nanocomposites with and without TESPT
above 40% strain was hypothesised to be due to the coupling agent preventing
debonding of the rubber from the filler when the rubber was stressed. When
the rubber-filler interface fails, a microscopic cavity is formed within the rubber.
This means that the rubber can deform much more easily than when it was
bonded to the filler, reducing the modulus. The formation of a strong chemical
bond between the rubber and the organoclay particles means that the debonding
occurs much less readily if at all, meaning that modulus does not decline so much
with strain. Similarly, the reduction in EB (while TS remained approximately
constant) was believed to be the result of reduced debonding leading to a lower
strain at which the nanocomposites reached their breaking stress.
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Network Visualisation TEM
It can be very difficult to distinguish between NR/OMMT nanocomposites
with or without TESPT using standard TEM techniques, because any changes in
exfoliation state or particle distribution are often too subtle to notice. However,
one technique based on TEM that is useful for such materials is NVTEM (Network
Visualisation Transmission Electron Microscopy), in which vulcanisate samples
are swollen with styrene which is then polymerised. The sample is then stained
with osmium tetroxide, which reacts with the double bonds of the rubber but
not with the polystyrene (PS), which allows the rubber network to be visualised
against the clear PS background. For a full description of the experimental
method see Section 4.3.
NVTEM images of OM-5/T-0/5+5min, an example of which is given
in Figure 9.4, showed large transparent regions of PS surrounding the OMMT
particles where the styrene had preferentially swollen into the rubber-filler interface.
This is because of the relative weakness of this region, due to the scarcity of
strong covalent bonds between the rubber and the clay surface. The PS regions
are highly elongated and aligned as they reflect the shape and orientation of the
OMMT particles within.
In contrast to the ordered appearance of OM-5/T-0/5+5min, the images
of both OM-5/T-1/5+5min (Figure 9.6) and OM-5/T-2/5+5min showed
significant degrees of disorder. The PS regions varied in shape from approximately
circular to crescent shaped. There was also no large-scale alignment, although
there did seem to be a limited degree of localised orientation. It is believed that
this was caused by premature reaction of the polysulfide functionality in the
coupling agent with the rubber network due to excessive temperatures during
mixing, although this was not indicated from the dump temperatures (Table 9.1).
If the clay is coupled to the rubber during mixing, it will be pulled out of its
preferred alignment by the flowing rubber, although the flow process will also
cause some localised alignment as observed. Although this behaviour is not what
was desired, since it negates any benefits caused by the clay particles being highly
aligned, it does clearly demonstrate that the silane coupling agent can produce
strong bonds between OMMT and NR.
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Figure 9.4: NVTEM image of OM-5/T-0/5+5min
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Figure 9.5: NVTEM image of OM-5/T-2/5+5min
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9.2.2 Descriptions of OMMT/TESPT Batches B-F
Batch B: Effects of Different Mixing Procedures
After proving that TESPT reacts with OMMT, the next step was to try to
find the best mixing procedure to use for these materials. The mixing procedure
used for OMMT/TESPT batch A was intended for silica-filled NR, with which a
lot of energy is required in order to break down silica agglomerates. As OMMT
exfoliates and disperses relatively easily when mixed into NR, it was hoped that
a less intensive mixing cycle could give similar or better results. It was also felt
that a two stage rather than three stage procedure might be equally effective,
which could give considerable savings in time and expense.
In addition to the change in mixing procedure, the standard formulation used
was also altered. The OMMT content was increased to 10phr, as it was believed
that this level of organoclay was more likely to be used for practical applications.
It was also expected that a higher filler content would make the effects of the
coupling agent easier to distinguish from random experimental variation. The
quantity of coupling agent used for all the test compounds in batch B was 1phr
of TESPT (10wt%). This was a considerable reduction from the concentrations
used in batch A, but it was felt that it would still be sufficient to produce a large
net effect.
Five NR/OMMT/TESPT compounds were produced, each with identical
formulations so any differences in properties must result from the different mixing
procedures. Three compounds were produced using two-stage mixing procedures,
with internal mixing steps of either five, seven or eight minutes duration. The
three-stage procedures had two internal mixer steps, of either five and three
minutes, or five and five minutes. A control compound without TESPT was
also produced, using a two-stage mixing procedure with a single five minute
internal mixer step. Full mixing procedure details are given in Section 3.3.4. All
Dump Temperature(s)
OM-10/T-0/5min 152◦C
OM-10/T-1/5min 152◦C
OM-10/T-1/5+3min 153◦C and 134◦C
OM-10/T-1/5+5min 156◦C and 146◦C
OM-10/T-1/7min 145◦C
OM-10/T-1/8min 143◦C
Table 9.2: Dump temperatures for OMMT/TESPT batch B
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compound designations are given in Table 9.2, along with their respective dump
temperatures. These were all within the desired 140-160◦C range, except for the
second internal mixer step for OM-10/T-1/5+3min.
Batches C-E: Effects of TESPT Content
Another important area to investigate was how the TESPT content affected
the properties of an NR/OMMT nanocomposite. This was particularly interesting
due to the difficulty in estimating the maximum amount of TESPT that can react
with a unit of OMMT, because of the lack of any obvious method for establishing
the number of silanol groups on the surface. It was expected that less TESPT
would be required for complete reaction with OMMT than with silica, because
the structure of OMMT (Figure 2.8) suggests that it should have a very limited
number of silanol groups on the faces of the particles. It was hoped that by
establishing the amount of TESPT required for maximal effect on the physical
properties, it would possible to estimate approximately how many facial silanol
are present.
Following the results of batch B, it was decided to produce all further
OMMT/TESPT nanocomposites using the two-stage mixing procedure given in
Section 3.3.4, involving a single internal mixing step of seven minutes duration.
Three batches were ultimately produced looking at the the effect of TESPT
content. All the compounds contained 10phr of OMMT, with batches C and D
Dump Temperature
OM-10/T-0/C Not available
OM-10/T-0.2/C Not available
OM-10/T-0.5/C Not available
OM-10/T-1.0/C Not available
OM-10/T-0/D 156◦C
OM-10/T-0.2/D 155◦C
OM-10/T-0.4/D 158◦C
OM-10/T-0.6/D 154◦C
OM-10/T-0.8/D 154◦C
OM*-10/T-0/E 149◦C
OM*-10/T-0.2/E 152◦C
OM*-10/T-0.4/E 145◦C
OM*-10/T-0.6/E 145◦C
OM*-10/T-0.8/E 149◦C
Table 9.3: Dump temperatures for OMMT/TESPT batches C-E
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using Nanofil 8 (OM) and batch E using Nanofil 5 (OM*). The compounds
produced in each batch are given in Table 9.3, along with the dump temperatures
where available.
Batch F: TESPT With and Without OMMT
In order to demonstrate that TESPT was affecting the properties of the
RCNs by reacting with the OMMT, rather than by changing the vulcanisation
chemistry or by some other mechanism, a compound was produced containing
a significant quantity of TESPT but without any OMMT (OM-0/T-0.8/F).
For comparison, three other compounds were also produced: without TESPT
or OMMT, with OMMT only; and with both TESPT and OMMT. These were
all produced using the standard silane mixing procedure (Section 3.3.4). All the
compound designations for this batch are listed in Table 9.4, along with their
dump temperatures.
Dump Temperature
OM*-0/T-0/F 151◦C
OM*-0/T-0.8/F 151◦C
OM*-10/T-0/F 155◦C
OM*-10/T-0.8/F 152◦C
Table 9.4: Dump temperatures for OMMT/TESPT batch F
9.2.3 NVTEM of OMMT/TESPT Batch C
The initial use of NVTEM on batch A had clearly shown that the silane
coupling agent was reacting with both the organoclay and the rubber. However,
there seemed to be issues with premature coupling which were presumed to be
due to excessive mixing temperature. NVTEM was also performed on batch C,
to see if this problem recurred.
The NVTEM images of these vulcanisates showed no sign of the premature
coupling that was apparent previously, with all four compounds displaying highly
aligned elongated PS regions around the clay particles. Looking at the dimensions
of these PS regions can give an indication of the strength of the rubber-filler
interaction in the vulcanisate. In the absence of other influences, and assuming
that the rubber originally wetted the whole surface of a flat disc-shaped OMMT
particle, the shape of the PS region seen in the NVTEM image should be an
ellipse with the foci at either edge of the OMMT particle. The strength of the
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Figure 9.6: NVTEM images of a) OM-10/T-0/7min, b) OM-10/T-0.2/7min,
c) OM-10/T-0.5/7min and d) OM-10/T-1/7min
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Mean aspect ratio Median aspect ratio
OM-10/T-0/C 5.6 5.2
OM-10/T-0.2/C 4.8 4.9
OM-10/T-0.5/C 8.4 7.9
OM-10/T-1.0/C 7.3 7.1
Table 9.5: Aspect ratios of PS regions in NVTEM images of OMMT/TESPT
batch C
rubber-filler interaction will determine the amount of swelling at the interface,
which will in turn change the aspect ratio of the PS regions. In general it should be
observed that as the interaction of the OMMT with the NR matrix gets stronger,
the aspect ratio of the PS regions should increase. Therefore, by comparing the
aspect ratios in NVTEM of different vulcanisates it should be possible to compare
the strength of the rubber-filler interaction in the compounds. Although the
distribution of rubber-filler covalent bonds is not expected to be uniform over
the filler surface, as more are expected around the edge of the filler particles,
this should not change the relationship between the strength of the rubber-filler
interaction and the aspect ratio of the PS regions.
The aspect ratios in Table 9.5 were calculated from 40 measured PS regions in
two NVTEM images of OM-10/T-0/C, and 20 measured PS regions in a single
image of each of OM-10/T-0.2/C, OM-10/T-0.5/C and OM-10/T-1.0/C.
There is probably a significant margin of error in these results, but it certainly
seems that the two RCNs with the highest TESPT content have considerably
more elongated PS regions around their OMMT particles. This again suggests
that the coupling agent can increase the strength of the rubber-filler interface in
a NR/OMMT nanocomposite.
9.2.4 X-Ray Diffraction of OMMT/TESPT RCNs
XRD was performed on RCNs from OMMT/TESPT batches C and E, to see
if the TESPT had any effect on the inter-layer spacing of the OMMT, and if so
whether this differed between Nanofil 8 and Nanofil 5 (Figure 9.7). Comparing the
respective NR/OMMT nanocomposites with and without TESPT shows that the
coupling agent had little if any impact on the position of the two peaks indicating
intercalated montmorillonite. There is also no difference in peak intensity between
OM*-10/T-0.8/E and OM*-10/T-0/E, although there is an intensification
in the peak at 2θ=2.3◦ for OM-10/T-1.0/C relative to the same peak for OM-
10/T-0/C. It is conceivable that this is caused by additional exfoliation of clay
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Figure 9.7: XRD patterns for RCNs from OMMT/TESPT batches C and E
following the addition of the silane, but it is often wrong to read too much into
intensities of peaks as they are also controlled by other factors.136
9.2.5 Vulcanisation Behaviour of OMMT/TESPT RCNs
Batches B-F
Table 9.6 shows the results of rheometry for all compounds in OMMT/TESPT
batches B-F. It is possible to distinguish a number of general trends from this
table. One is that adding TESPT to an NR/OMMT nanocomposite increases
MH-ML by up to 2dNm, a considerable increase. This is believed to be due to
the increased rubber-filler interaction leading to an increase in effective crosslink
density, which was shown in Section 5.4.3 to be strongly correlated with MH-
ML. It is noticeable that OM*-0/T-0/F and OM*-0/T-0.8/F show effectively
identical values of MH-ML, meaning that the TESPT is not affecting crosslink
density by some other method, such as increasing the efficiency of the sulfur
vulcanisation reaction. Looking at individual batches, there is some disagreement
between batches C and E on one hand, which seem to show a roughly linear
relationship between TESPT content and MH-ML, and batch D, which shows
a large initial increase followed by a plateau. Batch B shows a large change in
MH-ML due to the addition of TESPT, with a similar-sized difference between
the shortest and longest mixing durations.
Looking at the scorch times for these nanocomposites shows that TESPT does
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tS1 t95-tS1 ML MH-ML Peak Rate
[m:ss] [m:ss] [dNm] [dNm] [dNm/min]
OM-10/T-0/5min 1:02 5:30 0.51 8.35 3.60
OM-10/T-1/5min 1:13 6:00 0.57 9.20 3.70
OM-10/T-1/5+3min 1:13 5:59 0.56 9.45 3.80
OM-10/T-1/5+5min 1:08 6:00 0.59 10.00 3.99
OM-10/T-1/7min 1:11 5:54 0.57 9.59 4.00
OM-10/T-1/8min 1:10 5:56 0.41 9.62 3.35
OM-10/T-0/C 0:58 5:27 0.60 8.42 3.24
OM-10/T-0.2/C 0:59 5:37 0.67 8.83 3.37
OM-10/T-0.5/C 1:02 5:40 0.63 9.30 3.49
OM-10/T-1.0/C 1:05 6:03 0.62 9.76 3.53
OM-10/T-0/D 0:50 7:19 0.52 8.92 2.74
OM-10/T-0.2/D 0:49 6:35 0.60 9.60 2.94
OM-10/T-0.4/D 0:47 6:55 0.64 9.87 3.04
OM-10/T-0.6/D 0:49 7:04 0.67 9.74 2.96
OM-10/T-0.8/D 0:49 7:16 0.68 9.93 2.98
OM*-10/T-0/E 1:01 6:27 0.54 7.44 2.70
OM*-10/T-0.2/E 1:03 5:51 0.65 7.80 2.95
OM*-10/T-0.4/E 1:07 5:54 0.56 7.95 3.04
OM*-10/T-0.6/E 1:10 6:01 0.61 8.21 3.03
OM*-10/T-0.8/E 1:10 6:03 0.56 8.16 3.13
OM*-0/T-0/F 9:03 6:58 0.34 7.52 2.08
OM*-0/T-0.8/F 8:03 7:14 0.44 7.49 2.15
OM*-10/T-0/F 1:05 5:07 0.52 8.08 3.25
OM*-10/T-0.8/F 1:06 5:51 0.60 9.32 3.67
Table 9.6: Vulcanisation behaviour of OMMT/TESPT batches B-F, determined
by rheometry at 150◦C
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not have much effect. The OMMT/TESPT nanocomposites seem to show a slight
increase in tS1, although this is contradicted by the decrease in this parameter
for OM*-0/T-0.8/F. It does appear that t95-tS1 increases with TESPT content,
a trend that has previously been seen with silica/TESPT compounds.15 This is
due to the short polysulfide units in the TESPT being a sulfur acceptor during
vulcanisation, which causes the vulcanisation reaction to proceed slightly more
slowly. There was no indication that either tS1 or t95-tS1 were affected by the
mixing procedure used.
Another trend observed in the vulcanisation behaviour, not included in Table
9.6, is that TESPT acts to decrease the amount of reversion the compound
undergoes after 60 minutes of heating. This is due to the slow breakdown of
unreacted polysulfides to form new bonds after cure completion. In fact, TESPT
was originally marketed not just as a silane coupling agent but also for its
anti-reversion properties.171
9.2.6 Tensile Properties of OMMT/TESPT RCNs
Batch B: Effect of Mixing Procedure
Tensile stress-strain testing of OMMT/TESPT batch B (Figure 9.8) showed
that all compounds with TESPT had increased tensile modulus compared to
OM-10/T-0/5min above ∼50% strain, although no effect was seen at lower
strains. All the materials had a similar TS, although EB was slightly reduced as
the coupling agent made the material stiffer. The dump temperatures (Table 9.2)
suggest that no compounds got hot enough during mixing for premature coupling
to happen.
It is apparent from the stress-strain curves that the tensile moduli of the
NR/OMMT/TESPT vulcanisates were influenced by the duration of mixing, with
OM-10/T-1/7min showing the greatest tensile modulus. While the RCNs that
were mixed for longer (OM-10/T-1/8min and OM-10/T-1/5+5min) were
only slightly less stiff than OM-10/T-1/7min, those that underwent less high-
temperature mixing (OM-10/T-1/5min and OM-10/T-1/5+3min) showed
significantly less reinforcement.
Figure 9.9 shows the variation of tangent modulus (Etan) between 0 and 150%
strain, to give a better understanding of the situation at low strains. All the
RCNs had very similar tangent moduli below aproximately 30% strain, when the
decrease in modulus with strain for OM-10/T-1/7min slowed. By 40% strain,
the modulus-strain curves for all the RCNs containing TESPT had diverged from
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Figure 9.8: Tensile stress-strain measurements of OMMT/TESPT batch B:
0-300% extension
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that of OM-10/T-0/5min. The ordering of the respective divergences seemed
to be related to the amount of mixing the material had received, consistent with
more mixing producing a greater number of rubber-filler bonds. This agrees with
the hypothesis that the silane coupling agent improves modulus by decreasing
interfacial slippage and preventing cavitation around the filler particles as the
material is strained.
It was concluded from these results that there was no advantage to using a
three-stage mixing procedure. The dump temperatures for OM-10/T-1/7min
and OM-10/T-1/8min did not show that using longer internal mixing steps
causes excessive heat build-up leading to premature reaction of the coupling agent
with the rubber. Similarly, there was no indication that extended mixing required
was necessary to break up filler agglomerates, as is necessary for silica.
Following on from the decision to adopt a two-stage rather than three-stage
mixing procedure, the mixing duration was chosen to be seven minutes. Although
OM-10/T-1/8min had very similar tensile properties to OM-10/T-1/7min,
there seemed to be no reason to use the longer mixing procedure over the shorter.
Conversely, since OM-10/T-1/7min had given a significantly larger tensile
modulus than OM-10/T-1/5min at all strains, it was felt preferable to use this
rather than a shorter mixing time.
Batches C, D and E: Effect of TESPT Content
Batch C
Tensile stress-strain measurements of batch C (Figure 9.10) revealed a sig-
nificant difference in tensile modulus between the vulcanisates attributable to
the effects of different TESPT contents. However, this difference did not become
apparent until the strain reached approximately 40%. Above 40% extension the
moduli of the materials rank in order of their TESPT contents, although OM-
10/T-0.5/C and OM-10/T-1.0/C display very similar stress-strain curves.
This implies that adding more than 0.5phr of TESPT to 10phr of OMMT has
little or no impact on reinforcement. This can be generalised to say that no more
than 5wt% (the quantity of ingredient as a percentage of the total weight of a
second ingredient) of TESPT relative to the weight of OMMT is required for
saturation of the filler surface. The maximum amount of reinforcement produced
by the TESPT, as deduced by comparison to OM-10/T-0/C, occurred in the
range 200-300% strain, before strain crystallisation and finite extensibility issues
began to swamp the effects of the coupling agent. As with batch B, there was no
259
D. J. Lowe, July 2012 Chapter 9. Silane Coupling Agents With RCNs
 
  
0
1
2
3
4
5
6
7
0 100 200 300
St
re
ss
 /
 M
P
a
Strain / %
OM-10/T-1/C (TS=34.0MPa, EB=650%)
OM-10/T-0.5/C (TS=29.4MPa, EB=600%)
OM-10/T-0.2/C (TS=31.9MPa, EB=645%)
OM-10/T-0/C (TS=31.9MPa, EB=670%)
Figure 9.10: Tensile stress-strain measurements of OMMT/TESPT batch C:
0-300% extension
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sign of a consistent effect of the coupling agent on TS.
Looking at Figure 9.11 shows that the coupling agent had little or no effect
on Etan initially, but by 100% strain the coupling agent had limited the decline
in Etan seen for OM-10/T-0/C. The experimental data for these materials were
quite noisy, and so it is difficult to say exactly when the divergence in stress-strain
behaviour begins. The best estimate is that occurs somewhere between 20% and
40% strain.
Batch D
The production of a second batch of compounds looking at the effect of TESPT
content on properties allowed the reproducibility of the first set of results to be
investigated. The stress-strain measurements on batch D (Figure 9.12) showed
very similar tensile properties to those described for batch C. In particular, the
results for both the control compounds and those where the TESPT seemed to
be in excess were almost identical. In this case the TESPT seemed to achieve
maximal impact at approximately 4wt% relative to the OMMT content, which
is in reasonable agreement with the figure from batch C. The main difference
between the batches was found with the identical formulations OM-10/T-0.2/C
and OM-10/T-0.2/D, with the latter displaying a higher tensile modulus from
approximately 100% strain onwards. However, this difference was still not very
large, and is probably due to experimental variation in parameters that are
difficult to control, such as the compound temperature during mixing. It also
seemed that the TESPT might be having a beneficial effect on TS, with the
nanocomposites containing TESPT all showing strengths very close to 35MPa
rather than the 31-32MPa normally found with OM-10 formulations. However,
this contradicts the results of OMMT/TESPT batches A-C, which did not show
any increase in TS with TESPT content.
Looking at the variation of Etan with strain (Figure 9.13) allowed a more
accurate analysis of when the TESPT began to affect modulus than was possible
previously. It was found that the tangent moduli began to diverge at 25-30%
strain, when the rapid decline in modulus seen initially sharply decreased for
the nanocomposites containing TESPT. By 100% strain Etan was approximately
twice as large for OM-10/T-0.8/D than for OM-10/T-0/D, showing that the
impact of the TESPT was considerable.
Batch E
Tensile stress-strain measurements (Figure 9.14) showed that the control
compound OM*-10/T-0/E closely resembled the control compounds of the
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Figure 9.12: Tensile stress-strain measurements of OMMT/TESPT batch D:
0-300% extension
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Figure 9.14: Tensile stress-strain measurements of OMMT/TESPT batch E:
0-300% extension
previous two batches (OM-10/T-0/C and OM-10/T-0/D). The effect of the
TESPT on the stress-strain behaviour was also very similar to that seen previously.
The divergence of the stress-strain curves began at approximately the same strain,
and again the first addition of TESPT had a much larger impact on tensile
modulus than any further addition of coupling agent. The stress-strain curves for
OM*-10/T-0.6/E and OM*-10/T-0.8/E were effectively identical, suggesting
that in this case 5-6wt% of TESPT was needed to acheive the maximal coupling
of the clay to the rubber. This was slightly higher than seen previously, and
if genuine might be due to slight differences in the number of accessible silanol
groups available for reaction with Nanofil 8 (OM) and Nanofil 5 (OM*). Finally,
the silane coupling agent again appeared to increase TS, although by a smaller
amount than was seen with batch D.
Batch F: TESPT without OMMT
Tensile stress-strain measurements on OM*-0/T-0/F and OM*-0/T-0.8/F
(Figure 9.15) showed that TESPT has almost no effect on tensile modulus or
TS in the absence of a suitable filler to react with. This is in stark contrast to
the pronounced difference in tensile modulus seen between OM*-10/T-0/F and
OM*-10/T-0.8/F above 40% strain, which is consistent with previous results
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Figure 9.15: Tensile stress-strain measurements of OMMT/TESPT batch F:
0-300% extension
for similar formulations. There was also a slight increase in TS seen with the
addition of TESPT, both with and without OMMT being present.
Discussion of Tensile Properties
Although there were some differences in the tensile properties between similar
materials in different batches, overall there was good agreement about the effects
of TESPT. The silane coupling agent was shown to considerably increase tensile
modulus above ∼30% strain, with between 0.4phr and 0.6phr of TESPT required
to achieve the maximal effect with 10phr of OMMT; equivalent to 4-6wt%
of TESPT. The mixing procedure used had only a small effect on the tensile
properties, with the best results coming when a single internal mixing stage of
seven minutes used. There was some evidence that adding TESPT could increase
TS by a small but consistent amount, although this was only observed for the
later batches of OMMT/TESPT nanocomposites. A possible explanation is that
some aspect of the formulation changed, but there are no obvious candidates or
mechanisms that could account for it.
The most important issue regarding the tensile properties is the mechanism
by which TESPT increases modulus. It does not apparently increase the modulus
of the rubber directly, for example by increasing the crosslink density. Instead it
264
D. J. Lowe, July 2012 Chapter 9. Silane Coupling Agents With RCNs
makes the OMMT more effective at reinforcing by strengthening the rubber-filler
interface. This increases the modulus in two ways. Firstly, by forming permanent
bonds from the filler particles to nearby rubber molecules, it reduces interfacial
slippage. Molecules that are physically adsorbed onto the surface of a filler particle
but are not chemically attached to specific atoms on the surface are able to slide
over the surface while remaining adsorbed. If the rubber chains are subjected to
a force with a lateral component relative to the surface of the filler particle, it will
slip into a more favourable position, causing a dissipation of stress in the material.
Secondly, by strengthening the rubber-filler interface to prevent cavitation in the
rubber. If the stress concentration at the rubber-filler interface gets too high,
the rubber will start to de-wet from the surface of the filler particles, creating a
cavity. Removing the constraint provided by the filler surface allows the rubber
to deform much more easily, and so the process of cavitation will again lead to
the dissipation of stress and result in a decrease in the elastic modulus of the
nanocomposite.
9.2.7 Estimating Silanol Density on OMMT Particles
As mentioned above, the concentration of TESPT required to achieve the
maximum increase in tensile modulus for an NR/OMMT nanocomposite was
found to be approximately 5wt%. From this it was hoped to determine whether the
TESPT was likely to be reacting exclusively at active sites around the perimeter
of the OMMT particles, as predicted from the structure of OMMT (Figure 2.8,
or whether there are silanol groups suitable for reaction located on the faces of
the particles also.
To establish this first required an accurate estimate of the particle size distri-
bution, as smaller particles would provide a relatively higher number of perimeter
silanol groups. The same data previously used to calculate estimates of the shape
factor of OMMT (Section 7.2.1) was used to determine the relative frequency
distribution of particle thicknesses (Figure 9.16). Experimental variation was
particularly noticeable for the less-common larger particles, so an estimated
distribution was constructed to provide more continuity. The relative frequencies
of the estimated distribution are given in Table 9.7.
The other important factor for calculating the potential number of silanol
groups on OMMT is the average diameter of the particles, which increases as the
number of sheets in a particle increased (Figure 9.17). Both the mean and the
median diameter increase approximately linearly for particles of between one and
eight sheets. For higher particle thickness the number of particles observed is too
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  Figure 9.16: Relative frequencies of particles comprised of a specific number of
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Figure 9.17: Estimated relationship between number of sheets and particle
diameter
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No. of sheets Thickness Diameter Relative Contribution to
in particle [nm] [nm] Frequency filler volume
1 3.8 60 17.4% 0.8%
2 7.6 80 27.1% 4.2%
3 11.4 100 19.8% 7.2%
4 15.2 120 13.2% 9.2%
5 19 140 7.2% 8.6%
6 22.8 160 4.6% 8.6%
7 26.6 180 2.7% 7.4%
8 30.4 200 2.0% 7.8%
9 34.2 210 1.5% 7.2%
10 38 220 1.2% 7.1%
11 41.8 230 0.95% 6.7%
12 45.6 240 0.75% 6.3%
13 49.4 250 0.6% 5.9%
14 53.2 260 0.45% 5.2%
15 57 270 0.35% 4.7%
16 60.8 280 0.2% 3.1%
Table 9.7: Estimated distribution of particle dimensions for Nanofil 8
small to give an accurate estimate of the average diameter, so it is assumed that
the diameter continues to increase but at a slower rate. The average diameter
for a given particle thickness are shown in Table 9.7. This Table also shows that
although almost 45% of OMMT particles consist of either one or two sheets, these
particles make up only 5% of the overall volume of filler in the nanocomposite.
Having determined the approximate particle size distribution for Nanofil 8,
the next step was to estimate the concentration of silanols around the perimeter
of an OMMT particle. From the structure of montmorillonite (Figure 2.8), and
knowing the dimensions of its unit cell to be 0.995nm by 0.894nm by 0.517nm,
it was estimated that one silanol group would be found at least every 0.5nm
around the edge of each sheet. However, irregularities in the structure should
increase that somewhat, so an estimate of one silanol for every 0.4nm was used.
Furthermore, since montmorillonite is a 2:1 type clay, there will be silanol groups
around the edges of both the top and bottom faces of the silicate sheet. To give
an upper limit on reactivity it was assumed that all the perimeter silanols of
every single sheet, not just the top and bottom, were available to react with a
silane coupling agent.
Three different scenarios were investigated to estimate how much TESPT was
required to saturate the surface of the OMMT. The full calculations for each
scenario are given in Appendix C. The first scenario assumed there to be no
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facial silanol groups present, with TESPT only reacting around the perimeter.
It was calculated that even with every perimeter silanol reacting, only 1.0wt%
of TESPT should be required for full reaction. Since the effect of the TESPT
was empirically found to reach a maximum at approximately 5wt%, this suggests
that there are a considerable number of silanol groups on the faces of the OMMT
particles.
The other two scenarios assume facial silanols to be present in addition to the
circumferential silanols, at concentrations of either one silanol for every 3nm2 or
every 1nm2 of facial OMMT. For comparison, a typical precipitated silica with a
surface area of 160m2/g that required a TESPT content of 8wt% for maximal
coverage would have one reacting silanol every ∼0.8nm2. A concentration of
one silanol per 3nm2 still only gives a TESPT requirement for saturation of
2.0wt%, much lower than the empirical requirement. Assuming a facial silanol
concentration of one per 1nm2 comes much closer to the experimental value with a
TESPT requirement of 3.8wt% to achieve complete coverage. The full calculations
for all three sets of conditions are given in Appendix C.
Although the estimated value of 3.8wt% of TESPT required for saturation
is not so far away from the empirical value, there are still some problems. One
is that this requires every single silanol group to react. This seems unlikely, as
many will be sterically blocked by neighbouring atoms, and others will simply
not encounter a TESPT molecule during mixing. The amount of facial silanols
required is also uncomfortably high, as it assumes that approximately one in
every eight silicon atoms on the surface of the OMMT particles will react with
the silane coupling agent. Although the frequency of defects on the surface of
montmorillonite particles is not known, this result seems higher than anticipated.
One explanation for more TESPT being required than the calculations predict
is that the TESPT is reacting with some other component of the rubber compound
instead. A recent suggestion by Sarkawi et al. 172 is that the proteins found in
NR can interact with one or both of the silanol groups and the TESPT, meaning
that more TESPT is required in NR than with a similar synthetic rubber such
as IR. Although this idea is still slightly speculative, it would be relatively to
straightforward to check by investigating how much TESPT is required to saturate
an IR/OMMT nanocomposite.
9.2.8 Dynamic Properties of OMMT/TESPT RCNs
One of the main reasons for using silane coupling agents with silica is the
profound change they can produce in the dynamic properties of a silica-filled
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elastomer. This includes a reduction in the Payne effect (Section 2.3.2) due to
reduced filler-filler interaction and better filler dispersion. It can also lead to an
increase in tan δ below 0◦C, which is associated with improvements in grip in
wet and icy conditions, and a decrease in tan δ at 60◦C, which signifies reduced
rolling resistance. It was uncertain how much effect TESPT would have on the
dynamic properties of NR/OMMT nanocomposites, as it was not believed to
effect the filler dispersion to anywhere near the extent that it does with silica.
Batch D
The initial attempts to measure the variation of the dynamic properties of
OMMT/TESPT batch D with temperature used a double-bonded shear (DBS)
method. However, problems with the mould used to produce the 6mm DBS
testpieces meant that tensile dynamic testing was used instead: see Section 4.2.7
for a full description of this method. While this had the disadvantage that the
rubber had to be pre-strained for testing, there was also a significant advantage in
that tensile testpieces would equilibrate to new temperatures much more quickly.
This meant that the temperature could be controlled more accurately, and also
allowed more temperatures to be tested during a given timespan.
The testing was performed over a range of frequencies, with the lowest being
0.1Hz and the highest being 10Hz. The results at these extremes are shown
in Figures 9.18, 9.19, 9.20 and 9.21. Figures 9.18 and 9.20 show some clear
differences in dynamic tensile modulus (E∗) between compounds, but it did not
seem to be clearly related to the TESPT content. One possible cause is that
the testpieces are experiencing fractionally different tensile pre-strains, required
to stop the material fully relaxing during a cycle. A second possibility is that
the samples were strained slightly at some point during their preparation, for
example during cutting out of the testpieces, leading to a Mullins effect. It was
also noteworthy that E∗ showed a significant decline above approximately 20◦ for
all the RCNs. Figures 9.19 and 9.21 showed a peak in tan δ in the same region
that was slightly reduced in intensity by the addition of TESPT. The peak was of
approximately the same intensity regardless of the frequency used, in contrast to
the behaviour at lower temperatures where tan δ was much increased by raising
the frequency at constant temperature due to a higher effective Tg.
To confirm that the decline in E∗ and second tan δ peak were real features
rather than artifacts of the testing machine, tensile dynamic testing was also
performed on three control compounds. One was unfilled, while the other two
contained either 30phr of N660 carbon black (CB(N660)-30) or 30phr of Zeosil
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  Figure 9.18: Variation of E∗ with temperature for OMMT/TESPT batch D at
0.1Hz, 1% strain amplitude and 2.5% pre-strain
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  Figure 9.19: Variation of tan δ with temperature for OMMT/TESPT batch D at
0.1Hz, 1% strain amplitude and 2.5% pre-strain
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  Figure 9.20: Variation of E∗ with temperature for OMMT/TESPT batch D at
10Hz, 1% strain amplitude and 2.5% pre-strain
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  Figure 9.21: Variation of tan δ with temperature for OMMT/TESPT batch D at
10Hz, 1% strain amplitude and 2.5% pre-strain
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  Figure 9.22: Variation of E∗ with temperature for NR with different fillers at
0.1Hz, 1% strain amplitude and 2.5% pre-strain
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Figure 9.23: Variation of tan δ with temperature for NR with different fillers at
0.1Hz, 1% strain amplitude and 2.5% pre-strain
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  Figure 9.24: Variation of E∗ with temperature for NR with different fillers at
10Hz, 1% strain amplitude and 2.5% pre-strain
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  Figure 9.25: Variation of tan δ with temperature for NR with different fillers at
10Hz, 1% strain amplitude and 2.5% pre-strain
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1165 silica and 2.4phr of TESPT (Si-30/T-2.4). Figures 9.22 and 9.24 show the
variation of E∗ with temperature at 0.1Hz and 10Hz for these three materials,
along with the results for OM-10/T-0/D and OM-10/T-0.8/D for comparison:
Figures 9.23 and 9.25 show the variation of tan δ with temperature for the same
compounds. These figures show that E∗ does not change so rapidly at the higher
temperatures for any of the control compounds as for the RCNs, nor is there
evidence of a second peak in tan δ.
It is hypothesised that this nanocomposite-specific behaviour is caused by
the intercalation of NR molecules between the sheets in an OMMT tactoid.
These molecules will be tightly constrained, and so will transition from glassy
behaviour to rubbery behaviour at a much higher temperature than bulk NR
does (approximately -60◦C).The dynamic properties suggest that Tg for these
intercalated molecules occurs at roughly 40◦C. This agrees quite well with DSC
measurements of OM-10/T-0/D, which appear to show a second glass transition
occurring at around 40-50◦C.
It would be expected to observe a decrease in dynamic modulus and a peak
in tan δ at a glass transition temperature, but the size of the effect seems larger
than predicted given the small amount of intercalated rubber expected. One
possible cause is that rubber in close proximity to the external faces of OMMT
particles is also severely constrained and so has a much higher Tg than the bulk
rubber. A second possibility is that the filler is amplifying the impact of the glass
transition as follows. Below the Tg of the intercalated NR the OMMT particles
will act like rigid blocks, but as the temperature rises and molecular mobility
increases they will become able to deform substantially in shear. Tactoids that
are not perfectly aligned in the direction of tensile extension will undergo a small
amount of shear deformation, lowering E∗. As the intercalated rubber will not
be crosslinked, this process will have a large viscous component, producing an
increase in tan δ. The differences between the nanocomposites due to the TESPT
content could indicate that the silane is blocking the NR from intercalating
between the clay sheets, and therefore increasing the relative rigidity of the clay
particles at the higher temperatures. It could also be due to the coupling agent
preventing interfacial slippage on the exterior of the particles by permanently
attaching rubber molecules to the filler surface.
Batch E
The dynamic properties of OMMT/TESPT batch E were investigated to
determine the effects of strain amplitude. This testing was carried out at 23◦C
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using both DMTS and 6mm DBS testing, though only the former was performed
in a temperature-controlled environment.
The DMTS testing showed quite similar values of G∗ for all the nanocomposites
in batch E (Figure 9.26), with the TESPT producing an inconsistent but not
negligible increase in modulus compared to OM*-10/T-0/E. There was no sign
of any divergence in the dynamic moduli of the different nanocomposites, even
with a strain amplitude of 40%. This was surprising, since the tensile moduli
began to diverge at approximately 30% strain, and it was expected that the
repeated loading and unloading experienced during a dynamic test would make
the effects of the coupling agent more pronounced rather than less. The tan δ
results (Figure 9.27) were also all quite similar, except for OM*-10/T-0.6/E
which had one testpiece give tan δ values much higher than expected while the
second testpiece was within the normal range. The TESPT did not have an
obvious effect on tan δ, although there was a hint that it might be decreasing it
at strain amplitudes of around 10%.
6mm DBS testing of the same nanocomposites showed a significant decline in
G∗ with strain amplitude for all the compounds, due to the Payne effect (Figure
9.28). There was virtually no difference in G∗ attributable to the presence of
TESPT at any strain amplitude. On one hand this suggests that the TESPT was
not improving filler dispersion, as it does for silica-filled NR, as this would be
expected to reduce G∗ at low strain amplitudes due to disruption of filler-filler
interactions. On the other hand, there was no apparent divergence in G∗ at
higher strain amplitudes between RCNs with different TESPT contents, as was
seen with tensile modulus. This corroborated the results of the DMTS testing,
although the reason why no divergence is observed is unclear.
As for the effects of TESPT on tan δ, Figure 9.29 shows that OM*-10/T-
0.2/E, OM*-10/T-0.4/E and OM*-10/T-0.6/E had almost identical results
for tan δ over the entire range of strain amplitudes. They were lower than tan δ
for the control formulation OM*-10/T-0/E by approximately 25% at all strain
amplitudes. The markedly different tan δ behaviour of OM*-10/T-0.8/E is
believed to be due to problems during curing of this specific material.
The reduction in tan δ seen following the addition of TESPT can be explained
by the coupling agent reducing the loss of energy via interfacial slippage. However,
it is difficult to explain why this was not observed with the DMTS testing. The
most likely reason is that it is related to the different preparation methods used
for the testpieces. DMTS testpieces are cut out of a sheet, meaning that the
OMMT particles should be well aligned. 6mm DBS testpieces are produced by
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Figure 9.26: Variation of G∗ with strain amplitude for OMMT/TESPT batch E
at 23◦C and 1Hz (DMTS testpieces)
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Figure 9.27: Variation of tan δ with strain amplitude for OMMT/TESPT batch
E at 23◦C and 1Hz (DMTS testpieces)
276
D. J. Lowe, July 2012 Chapter 9. Silane Coupling Agents With RCNs
  
0
0.2
0.4
0.6
0.8
1
1.2
1 10 100
G
*
 /
 M
P
a
Strain amplitude / %
OM*-10/T-0.8/E
OM*-10/T-0.6/E
OM*-10/T-0.4/E
OM*-10/T-0.2/E
OM*-10/T-0/E
Figure 9.28: Variation of G∗ with strain amplitude for OMMT/TESPT batch E
at room temperature (∼23◦C) and 1Hz (DBS testpieces)
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Figure 9.29: Variation of tan δ with strain amplitude for OMMT/TESPT batch
E at room temperature (∼23◦C) and 1Hz (DBS testpieces)
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Empirical C1 nphys
SAF [g.cm−2] [mol.m−3]
OM-10/T-0/5min 1.64 2090 83
OM-10/T-1/5min 1.74 2550 101
OM-10/T-1/5+3min 1.74 2680 106
OM-10/T-1/5+5min 1.78 2760 109
OM-10/T-1/7min 1.76 2720 107
OM-10/T-1/8min Not available
OM*-0/T-0/F 1.00 1710 68
OM*-0/T-0.8/F 1.01 1730 69
OM*-10/T-0/F 1.63 2200 87
OM*-10/T-0.8/F 1.73 2800 111
Table 9.8: Crosslink densities of OMMT/TESPT batches B and F
transfer moulding, so the OMMT will lose any orientation as it is squeezed into
the mould, leaving them randomly aligned. This would be expected to have an
effect on the amount of interfacial slippage occurring during testing. However, it
also means that it is somewhat surprising that both dynamic testing methods
give an identical dynamic modulus for OM*-10/T-0/E at 1% strain amplitude,
since the modulus of an elastomer containing highly shaped filler is expected to
be very dependent on the orientation of the filler.
9.2.9 Other Physical Properties of OMMT/TESPT RCNs
Crosslink Density
Measurements of the crosslink density of NR/OMMT/TESPT nanocomposites
(Table 9.8) showed a clear difference from nanocomposites without TESPT. While
the strain amplification produced by the filler particles seemed to be slightly
increased by the TESPT, the increase in nphys was much larger. The increased
SAF is believed to result from the rubber near the filler particles being more
constrained due to coupling and hence requiring the remainder of the rubber
matrix to undergo more strain to compensate, rather than the size and dispersion
of the OMMT being affected. The increased crosslink density is also attributed
to the increased rubber-filler interaction. As discussed in Section 5.4.3, OMMT
appears to interact weakly with the rubber, meaning that the OMMT particles
act as gaps in the crosslinked network. By coupling the OMMT to the rubber
network, the TESPT bridges these gaps and thereby raises nphys to the crosslink
density of the bulk rubber. This hypothesis is corroborated by looking at the
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crosslink densities found for unfilled NR/DDAC vulcanisates (Table 5.4), which
are found to reach 104mol.m−3 for the highest DDAC content, compared to
101-111mol.m−3 for the NR/OMMT/TESPT vulcanisates.
Tensile Fatigue
The first measurements of the effect of TESPT on tensile fatigue lifetime were
made on OMMT/TESPT batch A under conditions of constant maximum stress
of 1MPa. This corresponded to a strain of 50-55% for all three nanocomposites.
Because this was near the point of divergence for their stress-strain curves, the
energy put into the testpieces during each cycle was approximately the same. This
meant that the fatigue lifetimes of the nanocomposites could be compared directly,
unlike for nanocomposites containing different levels of filler which showed big
differences in modulus. It was found that the silane coupling agent extended
fatigue lifetime by approximately 50% over the control compound. Again, the
immediate reaction was to attribute this to improved rubber-filler interaction,
though it could also be due to the TESPT chemically altering the behaviour of
the rubber without the better rubber-filler interaction having any effect at all.
Tensile fatigue measurements were also made on batches B, C and E, this time
under conditions of constant maximum strain of 50%. Although the maximum
stress was higher than for the previous batch, the strain is again close to that
at which the TESPT begins to affect the tensile modulus. The results are given
in Table 9.10, along with that for OM-10f which was tested using under the
same conditions. Because OM-10f, previously included in Table 5.11, has an
identical formulation to the control compounds in batches B and C, it is included
to provide an extra point of comparison.
As with batch A, the results appear to show that the TESPT is increasing the
tensile fatigue lifetime, at least under these conditions. There is a lot of scatter in
the data as the testing is very sensitive to the condition of the testpieces as well
as the nature of the material being tested. However, the data seems reasonably
consistent with the TESPT increasing the fatigue life by approximately 50%, as
Fatigue Life [kcs]
OM-5/T-0/5+5min 138.2 163.1 169.7
OM-5/T-1/5+5min 154.1 250.6 253.9
OM-5/T-2/5+5min 192.3 234.2 302.9
Table 9.9: Tensile fatigue lifetimes for OMMT/TESPT batch A under conditions
of constant maximum stress of 1MPa
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Fatigue Life [kcs]
OM-10/T-0/5min 1039.3 1087.6 1906.2
OM-10/T-1/5min 118.8 940.1 2201.9
OM-10/T-1/7min 1025.4 1590.5 3308.2
OM-10/T-1/8min 534.4 1165.6 1726.6
OM-10/T-1/5+3min 1396.9 1995.0 2405.3
OM-10/T-1/5+5min 648.6 2867.3 3897.8
OM-10/T-0/C 567.4 601.0 664.0
OM-10/T-0.2/C 705.0 897.9 1119.5
OM-10/T-0.5/C 292.1 326.8 741.7
OM-10/T-1.0/C 838.4 949.5 1126.7
OM*-10/T-0/E 254.2 462.4 >1717.7
OM*-10/T-0.2/E 100.6 1326.9 1612.2
OM*-10/T-0.4/E 1128.4 1350.1 1540.9
OM*-10/T-0.6/E 1237.3 1402.1 >1861.6
OM*-10/T-0.8/E 419.3 1082.3 1376.1
OM-10f 589.5 971.3 2516.9
Table 9.10: Tensile fatigue lifetimes for OMMT/TESPT batches B, C and E
under conditions of constant maximum strain of 50%. Table includes tensile
fatigue lifetimes for OM-10f for comparison
estimated for batch A. It is not really possible to discern any trends associated
with either the mixing procedure used or the TESPT content, although presumably
both will have some effect.
Hardness
The hardness measurements made on NR/OMMT/TESPT nanocomposites
(Table 9.11) showed that the TESPT had little or no effect on rubber hardness.
This result was not unexpected, as although TESPT can and does increase the
elastic modulus of a nanocomposite, it does not have a significant effect at the
small strains induced by hardness measurements.
Compression Set
Compression set measurements were made on OMMT/TESPT batches B, C
and F, showing similar results in all three cases. For batch B, compression set
was either the same or lower for the nanocomposites containing TESPT compared
to the control compound OM-10/T-0/5min. While the TESPT seems to be
able to lower compression set, the decreases seem to be seen for the compounds
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Hardness [IRHD]
Testpiece 2 Testpiece 2
OM-5/T-0/5+5min 51 51 51 50 50 51
OM-5/T-1/5+5min 50 51 51 51 51 52
OM-5/T-2/5+5min 50 50 50 50 50 50
OM*-0/T-0/F 39 40 40 40 40 40
OM*-0/T-0.8/F 40 40 40 40 40 40
OM*-10/T-0/F 54 55 55 54 53 54
OM*-10/T-0.8/F 56 55 55 55 55 55
Table 9.11: Hardness measurements for OMMT/TESPT batches A and F
that underwent less mixing at high temperatures and so are more likely to have
unreacted TESPT remaining. The exception is OM-10/T-1/8min, which also
showed a lowered compression set.
Compression set was effectively constant for batch C with exception of OM-
10/T-1/C, for which set was significantly less than the other nanocomposites.
Comparing these results to those of batch B shows that OM-10/T-0/5min
and OM-10/T-0/C, were identical despite their different mixing durations.
However, OM-10/T-1/7min and OM-10/T-1/C gave considerably different
measurements of compression set, of 55% and 47% respectively, despite being
notionally identical.
The compression set results at 70◦C for Batch F (Table 9.13) showed that
the TESPT decreased compression set by a considerable amount when used with
OMMT. When TESPT was added in the absence of OMMT, a small decrease in
Compression Set
OM-10/T-0/5min 54% 54% 55%
OM-10/T-1/5min 50% 51% 51%
OM-10/T-1/7min 54% 55% 55%
OM-10/T-1/8min 49% 50% 50%
OM-10/T-1/5+3min 50% 51% 51%
OM-10/T-1/5+5min 53% 54% 55%
OM-10/T-0/C 54% 54% 54%
OM-10/T-0.2/C 54% 54% 54%
OM-10/T-0.5/C 51% 53% 54%
OM-10/T-1.0/C 47% 47% 48%
Table 9.12: Compression set measurements for OMMT/TESPT batches B and
C at 70◦C
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Compression Set
At 70◦C At 23◦C
OM*-0/T-0/F 42% 42% 43% 3% 3% 2%
OM*-0/T-0.8/F 41% 40% 41% 3% 3% 3%
OM*-10/T-0/F 61% 61% 60% 11% 9% 9%
OM*-10/T-0.8/F 53% 51% 53% 6% 6% 6%
Table 9.13: Compression set measurements for OMMT/TESPT batch F at 70◦C
and 23◦C
compression set was noted. At 23◦C there was also a reduction caused by TESPT
in the presence of OMMT, but the compression set for the unfilled vulcanisates
was so small that it was not possible to distinguish any effect due to TESPT.
Considering all the compression set results, it is difficult to say exactly what
effect the TESPT has. Perhaps the most reasonable interpretation is that un-
reacted TESPT is responsible for most of the decline in observed compression
set. This would explain why the mixes with the shorter mixing times in batch B
have lower compression set values, and also why only OM-10/T-1.0/C, which
the tensile properties suggested had excess TESPT, in batch C had a reduced
compression set. The ability of TESPT to reduce compression set in the absence
of OMMT was also displayed in batch F. This does not, however, explain why
the identical formulations OM-10/T-1/7min and OM-10/T-1.0/C had such
different compression set results.
Tear Strength
Tear strength was measured for batches E and F (Table 9.14) using a trouser
tear method. The results for batch E show that the tear strength was reduced by
the addition of TESPT by a small but seemingly significant amount. This result
was also supported by comparison of the tear strengths of OM*-10/T-0/F and
OM*-10/T-0.8/F, where the TESPT also led to a reduction in tear strength.
Though it is initially surprising that strengthening the rubber-filler interface
will decrease the nanocomposites’ resistance to tearing, this phenomenon is also
known to be observed in silica-filled elastomers.173 The silane coupling agent
makes the rubber less able to deform in front of the advancing crack tip. This
leads to higher stress concentrations at the crack tip, meaning that less energy is
required to extend the crack.
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Tear strength [kJ/m2]
OM*-10/T-0/E 4.25 4.31 4.54 5.11 6.04
OM*-10/T-0.2/E 4.55 4.57 4.77 5.40 5.66
OM*-10/T-0.4/E 3.85 3.88 4.09 4.13 5.25
OM*-10/T-0.6/E 3.66 3.87 3.95 4.26 5.07
OM*-10/T-0.8/E 3.40 3.79 3.98 4.03 5.17
OM*-0/T-0/F 4.77 6.12 7.04 7.30 8.29
OM*-0/T-0.8/F 5.28 5.35 7.41 7.92 8.77
OM*-10/T-0/F 4.08 4.54 4.59 4.93 4.98
OM*-10/T-0.8/F 3.64 3.98 4.06 4.15 4.44
Table 9.14: Tear strength measurements of OMMT/TESPT batches E and F
9.2.10 Comparison of Results With Literature
The results found during this work generally agreed with what had been
reported in the literature, though the results went considerably beyond what
had been found elsewhere. The increased tensile modulus had been reported
elsewhere, though the divergence of tensile modulus around 50% strain had not
been explicitly stated. No reports looked at the effect of mixing procedure, so it
is unclear how effective the TESPT really is. While Chakraborty et al. 120 did
look at the effect of TESPT content in SBR, the results were not as clear cut as
the authors claimed, and the accuracy of the results was diminished by the use of
only 5phr of organoclay. However, they did find an optimum amount of TESPT
similar to that reported here.
Other properties reported disagreed more or less significantly from what had
been reported elsewhere. It did not seem that compression set was significantly
reduced by any increased rubber-filler interaction due to the addition of TESPT,
although the presence of unreacted TESPT might be responsible for a slight
reduction in compression set. Hardness was not affected, despite published reports
to the contrary, while tear strength was decreased because of the decreased ability
of the rubber to deform under stress. Tensile fatigue lifetime was increased, which
did agree with literature reports on the subject.
Unlike what is seen with silica-filled rubber, TESPT did not have a particularly
large effect on the dynamic properties of OMMT nanocomposites. Dynamic
modulus was generally increased by TESPT by a small amount, and this was
found to not vary significantly with temperature, frequency and strain amplitude.
The effect of strain amplitude on tan δ did not change significantly with TESPT
content either. There was a peak in the temperature spectrum of tan δ seen at
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around 40◦C, attributed to the glass transition of intercalated and adsorbed NR
molecules, that was noticeably reduced by the addition of TESPT. This peak has
been investigated very little in general, and its interaction with TESPT had not
been studied previously.
9.3 OMMT With Other Coupling Agents
Almost all of the work performed elsewhere looking at rubber/clay nano-
composites with a coupling agent has used TESPT. This was not surprising since
it is by far the most commonly used and widely available silane coupling agent.
However, in recent years there has been a proliferation of new silane coupling
agents, driven by the increased demand for such chemicals after the success of
Michelin’s “Green Tyre” system incorporating silica-silane tread compounds. Use
of these new silane coupling agents with organoclays in rubber had not been
reported elsewhere, and so the work reported here is entirely novel.
There is now a wide range of silane coupling agents available, and so it was
decided to look only at two of the most widely promoted and readily avail-
able types. The first type looked at was 3-Octanoylthio-1-propyltriethoxysilane
(OTPTS) (Figure 2.3b), which is commercially available as NXT Silane from
Momentive Performance Materials. The second new silane coupling agent was
3-mercaptopropyl tri(13-penta(ethylene oxide)tridecan-1-oxy)silane (MPDES),
which is produced by Evonik and marketed as VP Si363 (Figure 2.3c).
9.3.1 NR/OMMT/OTPTS Nanocomposites
Compound Descriptions
OTPTS is designed to avoid a known defect of TESPT, that of its limited
thermal stability. While the polysulfide functionality of TESPT will begin to
degrade and react with the rubber if it reaches temperatures greater than 160◦C
during mixing, the thioester group in OTPTS is reported16,17 to not to undergo
significant degradation at temperatures below 180◦C. Aside from the replacement
of the polysulfide with a more stable thioester group, OTPTS is otherwise identical
to TESPT; or rather to half of a TESPT molecule since the polysulfide links two
silane groups. Since the release of NXT Silane, variations have been produced in
which the ethoxy groups on the silane are replaced by larger groups to limit the
release of volatile ethanol during mixing. However, these coupling agents were not
available when this work was undertaken, and in addition the release of ethanol
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Dump Temperature
OM-5/X-0/10min 137◦C
OM-5/X-2/5min 152◦C
OM-5/X-2/10min 153◦C
OM-10/X-0/8min 140◦C
OM-10/X-0.2/8min 142◦C
OM-10/X-0.4/8min 146◦C
OM-10/X-0.6/8min 146◦C
OM-10/X-0.8/8min 147◦C
Table 9.15: Dump temperatures for OMMT/OTPTS batch A
during mixing is not an important issue during laboratory-scale mixing.
Two batches of OMMT/OTPTS compounds were produced during this work.
OMMT/OTPTS batch A consisted of a control compound containing 5phr of
OMMT without OTPTS and mixed for 10 minutes (OM-5/X-0/10min), and
two compounds with identical formulations of 5phr of OMMT and 2phr of OTPTS.
Because of the high thermal stability of the OTPTS compared to TESPT, it
was not known to what extent the breakdown of the thioester would take place
during mixing as opposed to during curing, and whether this would be important.
To study this, the test compounds were mixed using different procedures, with
one having a duration of five minutes (OM-5/X-2/5min) and the other being
mixed for 10 minutes (OM-5/X-2/10min). The mixing procedure is based on
the standard two-stage procedure given in Section 3.3.4, except that the rotor
speed was not reduced in an attempt to achieve higher temperatures during the
later stages of mixing, to encourage thermal degradation of the thioester. The
dump temperatures are given in Table 9.15.
In OMMT/OTPTS batch B the mixing duration was adjusted to eight minutes,
to ensure that the reaction between the silane and the clay achieved a satisfactory
yield. To try to improve the amount of coupling achieved, vulcanisation was
carried out to tmax rather than to t95 as was normally the case. This almost doubled
the length of the curing time while changing the amount of the crosslinking in
the nanocomposites relatively little. This batch consisted of four test compounds,
all with 10phr of OMMT (Nanofil 8) and either 0.2phr, 0.4phr, 0.6phr or 0.8phr
of OTPTS. A control compound containing OMMT but no OTPTS was also
produced.
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Figure 9.30: Rheometry of OMMT/OTPTS batch A at 150◦C
Vulcanisation Behaviour
Rheometry of OMMT/OTPTS batch A showed that the two compounds
containing OTPTS had almost identical vulcanisation behaviour despite their
different mixing durations (Figure 9.30). Compared to OM-5/X-0/10min,
tS1 and t95-tS1 were almost unchanged by the addition of OTPTS. MH-ML was
decreased by the addition of OTPTS, which could have been caused by the
coupling agent reacting onto the surface of the clay but not reacting significantly
with the rubber network by tmax. The greatly decreased reversion, from 37% for
OM/X-0/10min to 24% for both, implies a gradual breakdown of the thioester
followed by reaction with the rubber network.
tS1 t95-tS1 ML MH-ML Peak Rate
[m:ss] [m:ss] [mm:ss] [dNm] [dNm]
OM-10/X-0/8min 0:58 5:36 11:32 0.53 8.74
OM-10/X-0.2/8min 0:56 5:48 11:52 0.62 8.58
OM-10/X-0.4/8min 0:56 5:52 11:38 0.60 8.64
OM-10/X-0.6/8min 0:58 5:50 12:08 0.56 8.46
OM-10/X-0.8/8min 0:58 5:49 12:31 0.52 8.67
Table 9.16: Vulcanisation behaviour of OMMT/OTPTS batch B, as determined
by rheometry at 150◦C
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Figure 9.31: Tensile stress-strain measurements of OMMT/OTPTS batch A:
0-500% extension
The most surprising finding from the rheometry of OMMT/OTPTS batch B
(Table 9.16) is that there was no clear evidence that the OTPTS had any effect
on the vulcanisation behaviour of the nanocomposites at all. It was expected
from the previous results that there would be almost no difference in scorch or
cure time, as was found to be the case here also. All there was a slight difference
in t95 and tmax between OM-10/X-0/8min and the other RCNs, it was not
large enough to be considered significant given the potential margin of error in
these results. Similarly, while MH-ML showed a decline in the test compounds
compared to the control, the magnitude of the decrease was smaller than seen
with the previous NR/OMMT/OTPTS materials. Furthermore, it did not show
any trend with OTPTS content, suggesting that the change could be just due to
random variation.
Tensile Properties
The tensile stress-strain measurements of OMMT/OTPTS batch A (Figure
9.31) show that the OTPTS had very little effect on tensile modulus at strains of
up to 100%. At higher extensions there was some effect, although the difference
was still not very large: for example, M300 was only about 10% greater for
OM-5/X-2/5min and OM-5/X-2/10min than OM-5/X-0/10min. While
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  Figure 9.32: Tensile stress-strain measurements of OMMT/OTPTS batch B:
0-300% extension
OM/X-2/10min had a slightly greater modulus than OM-5/X-2/5min, the
difference was very small. This suggests that the duration of mixing had little
impact on the amount of coupling between filler and rubber. In combination
with the very small increase in modulus compared to the control, the conclusion
must be that the temperatures were not high enough for long enough to achieve
significant breakdown of the thioester, and therefore only a very small amount of
coupling between the rubber and the filler occurred.
Tensile stress-strain measurements of batch B (Figure 9.32) again seemed to
show that OTPTS had very little effect compared to the substantial effect seen
with TESPT. The TS did not change with the addition of OTPTS, while the small
increase in modulus observed did not vary with OTPTS content. The stress-strain
curves of the test compounds only diverged from that of OM-10/X-0/8min
above 100% strain, a much higher strain than divergence occurs at with TESPT.
The difference in modulus between the test compounds and the control was again
about 10% at its maximum, although in this case the moduli reconverged above
300% strain rather than continuing to diverge when strain crystallisation and
finite extensibility began to dominate.
The only proviso to the above description is related to the behaviour of the
control compound OM-10/X-0/8min. The tensile stress-strain behaviour is
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Figure 9.33: Comparison of tensile behaviour of some OMMT/OTPTS batch B
compounds with control compounds from other batches
noticeably different from that of identical formulations produced as controls in
other batches (Figure 9.33). Although there is a small difference in mixing duration
for OM-10/X-0/8min, changing the mixing duration has not previously been
found to have effects large enough to account for this difference. The question is
whether the discrepancy affects just this specific compound, or all the compounds
in the batch. If it is the former, and the anomalous result is down to experimental
error, then the OTPTS is a more effective coupling agent than it otherwise
appears. If there is some difference that applies to the whole batch, then OTPTS
is relatively ineffective compared to TESPT. The second possibility seems more
likely, as this agrees with the results for tensile modulus found for the previous
batch.
Summary of Results
The evidence seems to show that OTPTS is not a particularly effective
coupling agent for NR/OMMT nanocomposites. However, this is not definitively
established and might be due to problems with the control compounds used.
The presumed reason for the poor performance of OTPTS is that the thioester
functionality of the coupling agent is too stable, and is not thermally degrading to
a thiol group rapidly enough for coupling to occur before vulcanisation is complete.
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This would explain why tensile modulus is only slightly increased, and also why
rheometry showed that MH-ML did not change: unlike with TESPT, the effective
crosslink density was not increased by the formation of bonds at the previously
weak rubber-filler interface. In hindsight it is not surprising that OTPTS was
not very effective in this case, as it was probably intended for use with other
elastomers such as BR or SBR that require higher vulcanisation temperatures
to achieve similar cure rates to NR, whose curing is accelerated by the proteins
naturally found in it.
9.3.2 NR/OMMT/MPDES Nanocomposites
Unlike OTPTS, which changes the TESPT template only by replacing the
polysulfide functionality with a thioester to improve thermal stability, MPDES
(Figure 2.3c) contains a “shielded thiol”, in which long-chain alkoxy substituents
on the silane wrap around and sterically shield a thiol group (see Section 2.2.3 for
more information). This shielding reduces the effective reactivity of the otherwise
highly-reactive thiol group, preventing it from causing a deleterious reduction in
scorch time for silica-filled rubbers.
All formulations were based on the standard formulation (Section 3.2.1) with
10phr of OMMT (Nanofil 5), and were mixed using the standard two-stage mixing
procedure for compounds containing silane coupling agent (Section 3.3.4). Two
batches were produced, with batch A consisting of three compounds and batch
B consisting of five compounds. The dump temperatures for these compounds
are shown in Table 9.17.
Dump Temperature
OM*-10/Z-0 162◦C
OM*-10/Z-0.5 166◦C
OM*-10/Z-1 163◦C
OM-10/Z-0 156◦C
OM-10/Z-0.2 156◦C
OM-10/Z-0.4 158◦C
OM-10/Z-0.6 152◦C
OM-10/Z-0.8 158◦C
Table 9.17: Dump temperatures of OMMT/MPDES nanocomposites
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tS1 t95-tS1 ML MH-ML Peak Rate
[m:ss] [m:ss] [dNm] [dNm] [dNm/min]
OM*-10/Z-0 1:05 5:20 0.46 8.26 3.29
OM*-10/Z-0.5 1:01 5:27 0.61 8.40 3.44
OM*-10/Z-1 0:59 5:27 0.64 8.36 3.47
OM-10/Z-0 0:49 6:13 0.53 9.16 3.10
OM-10/Z-0.2 0:46 6:28 0.62 9.20 3.15
OM-10/Z-0.4 0:45 6:25 0.61 8.86 3.13
OM-10/Z-0.6 0:43 6:27 0.66 8.86 3.21
OM-10/Z-0.8 0:43 6:34 0.70 8.86 3.10
Table 9.18: Rheometry for OMMT/MPDES batches A and B at 150◦C
Vulcanisation Behaviour
The vulcanisation behaviour of the RCNs containing MPDES was not signifi-
cantly altered from that of the control compound. The coupling agent produced a
small decrease in scorch time, due to the thiol reacting with the CBS accelerator.
The cure time was slightly increased by MPDES, although this might be due to
experimental variation. MH-ML was not consistently affected by MPDES content,
unlike TESPT which increased it. This suggests that rubber-filler interaction is
not increased by this coupling agent, which might mean that very few bonds are
actually formed. Peak rate was also not significantly changed by MPDES, as it
did not interfere with the vulcanisation reaction.
Tensile Properties
Tensile stress-strain measurements of OMMT/MPDES batch A (Figure 9.34)
showed many similarities with the behaviour of OMMT/TESPT compounds. The
divergence in the tensile moduli of OM*-10/Z-0.5 and OM*-10/Z-1 on one
hand and OM*-10/Z-0 on the other begins at around 50% strain; the same as
was seen for TESPT. This was interpreted as evidence that the divergence is
primarily a function of particle shape and is not really controlled by the properties
of the silane coupling agent used. The tensile moduli of OM*-10/Z-0.5 and
OM*-10/Z-1 were identical until approximately 100%, and only fractionally
different at higher strains, implying that the clay surface is saturated by 5wt% of
MPDES. Though this is the same nominal quantity as with TESPT, the actual
number of clay-rubber bonds with MPDES will be only a quarter of the number
produced by TESPT because each molecule of TESPT has half the mass of an
MPDES molecule and has two silane functionalities. The number of MPDES
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Figure 9.34: Tensile stress-strain measurements of OMMT/MPDES batch A:
0-300% extension
0
1
2
3
4
5
6
0 100 200 300
St
re
ss
 /
 M
P
a
Strain / %
OM-10/Z-0.8 (TS=33.7MPa, EB=660%)
OM-10/Z-0.6 (TS=29.5MPa, EB=625%)
OM-10/Z-0.4 (TS=36.3MPa, EB=640%)
OM-10/Z-0.2 (TS=32.4MPa, EB=630%)
OM-10/Z-0 (TS=28.9MPa, EB=655%)
 
  
Figure 9.35: Tensile stress-strain measurements of OMMT/MPDES batch B:
0-300% extension
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required to saturate the surface is lower because of the two bulky alkylpolyether
groups attached to the silicon atom. This is probably the reason that the increased
modulus produced by MPDES is smaller than with TESPT, with a maximum
increase in modulus of about 35% at ∼200% strain, as opposed to ∼60% with
TESPT.
The results for OMMT/MPDES batch B (Figure 9.35) showed similar be-
haviour to the previous batch, although the maximum increase in modulus, only
25% more than that of OM-10/Z-0, was not as great at before. Saturation of
the clay surface was also achieved at 4wt%, a lower concentration of MPDES
than the previous batch. This behaviour was the same as had been seen with
TESPT, where OM* also required a slightly greater amount of coupling agent to
achieve saturation.
Other Physical Properties
Compression set measurements were made on both batches of OMMT/MPDES
compounds (Table 9.19). The results for batch A show that set was significantly
increased by the addition of the coupling agent. This is very different to the
behaviour seen with TESPT, and is quite difficult to explain. However, batch B
gave similar results to those produced by TESPT, with compression set the same
or slightly lower following the addition of MPDES. It appears more likely that
there was a undetermined problem with the first set of results, and the second is
a more accurate reflection of the effects of MPDES on set.
Measurements of OMMT/MPDES batch B found that hardness increased
slightly following the addition of the coupling agent (Table 9.20), although the
Compression Set
At 70◦C At 23◦C
OM*-10/Z-0 53% 53% 54% - - -
OM*-10/Z-0.5 58% 58% 58% - - -
OM*-10/Z-1 58% 59% 60% - - -
OM-10/Z-0 50% 51% 52% 9% 10% 10%
OM-10/Z-0.2 49% 49% 49% 8% 8% 9%
OM-10/Z-0.4 51% 51% 52% 8% 8% 9%
OM-10/Z-0.6 48% 50% 51% 7% 7% 8%
OM-10/Z-0.8 50% 51% 52% 7% 7% 8%
Table 9.19: Compression set measurements for OMMT/MPDES batches A and
B at 70◦C and 23◦C
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Hardness [IRHD]
Testpiece 2 Testpiece 2
OM-10/Z-0 49 49 50 49 49 50
OM-10/Z-0.2 50 51 52 50 51 51
OM-10/Z-0.4 50 51 51 51 52 52
OM-10/Z-0.6 51 51 51 50 50 51
OM-10/Z-0.8 50 50 51 50 50 50
Table 9.20: Hardness measurements for OMMT/MPDES batch B
magnitude of the increase was so small that its significance is highly debatable.
This again closely resembles the situation seen with TESPT (Table 9.11). The
coupling agent does not increase hardness despite its effect on elastic modulus
because the modulus is only increased above ∼40% strain, while the strains
produced by the indentation of the hardness meter are considerably smaller.
Tear strength (Table 9.21) was shown to decrease with MPDES content in
batch A by a small but consistent amount. The magnitude of the reduction in
tear strength is the same as with TESPT, suggesting that the same mechanism is
acting in this case: the stronger rubber-filler interaction limits the ability of the
rubber to deform at the crack tip to dissipate stress. This means that less energy
is required to reach the stress at which the rubber molecules break and the crack
tip can advance.
Tear strength [kJ/m2]
OM*-10/Z-0 4.33 4.34 4.54 4.61 4.63
OM*-10/Z-0.5 4.00 4.14 4.17 4.64 4.68
OM*-10/Z-1 3.59 3.81 3.95 3.98 4.05
Table 9.21: Tear strength measurements of OMMT/MPDES batch A
Dynamic Properties
DMTS testing was performed on these compounds to investigate the variation
of the dynamic properties with both temperature and strain amplitude. The
dynamic properties were initially measured at 1Hz, 0.2% strain amplitude and
temperatures of -30◦C, 0◦C, 30◦C and 60◦C. G∗ (Figure 9.36) was increased by the
addition of MPDES at all temperatures, while tan δ (Figure 9.37) is unchanged at
-30◦C, increased at 0◦C, unchanged at 30◦C but decreased at 60◦C. This strange
behaviour is difficult to explain but seems to be caused by variations in the loss
modulus rather than the storage modulus.
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Figure 9.36: Variation of G∗ with temperature for OMMT/MPDES batch A at
1Hz and 0.1% strain amplitude
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Figure 9.38: Variation of G∗ with strain amplitude for OMMT/MPDES batch A
at 1Hz and 60◦C
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Measurements of the dynamic properties at 1Hz, 60◦C and 0.2-40% strain am-
plitude showed that G∗ (Figure 9.38) declined with strain for all the RCNs, which
is attributed to the decrease of filler-filler effects with increasing strain amplitude.
G∗ was larger for OM*-10/Z-0.5 and OM*-10/Z-1 than OM*-10/Z-0, indi-
cating that the silane coupling agent seems to increase the dynamic modulus at
much smaller strains than is seen for quasi-static tests of tensile modulus. The
coupling agent also decreased tan δ at all strain amplitudes (Figure 9.39). The
reduction in tan δ is very similar to that seen previously for OMMT/TESPT
nanocomposites, which was attributed to the TESPT preventing rubber molecules
onto the surface of the clay particles from undergoing interfacial slippage.
Dynamic testing was also performed on OMMT/MPDES batch B, using the
tensile testing method (Section 4.2.7). The results for the control compound
OM-10/Z-0 strongly resembled those of the control for the previous compounds
tested using this method, OM-10/T-0/E (Section 9.2.8). As before, E∗ was
greatest at the lowest temperatures (Figures 9.40 and 9.42), when the sample
was closest to the Tg of the bulk rubber. Tan δ was also greatest in this region
(Figures 9.41 and 9.43), but a small peak in tan δ was also observed between 20◦C
and 60◦C, which is attributed to a second glass transition of rubber molecules
adsorbed onto or intercalated between the clay sheets. A sharp decline in E∗ is
observed over the same temperature range, which is believed to be due to the
previously rigid tactoids becoming able to deform in shear as the intercalated
rubber molecules allow the sheets to slide over each other. The addition of a
coupling agent reduced the intensity of the tan δ peak, and slightly increased E∗
in this region also.
The main difference between the effects of TESPT and MPDES is their
respective effects on the tan δ peak produced by the second glass transition.
The intensity of the peak seemed to be reduced slightly more by MPDES, and
this coupling agent also seemed to shift the position of the peak towards lower
temperatures. The decreased peak intensity indicates that there is less intercalated
and adsorbed rubber present, while the shift in position indicates that the rubber
is slightly less constrained that it is the absence of MPDES. The first is simply
explained by the bulky alkylpolyether side chains displacing adsorbed rubber, and
possibly also limiting intercalation by blocking access to the interlayer galleries.
The shift in peak position might be caused by either the alkylpolyether chains
or entire MPDES molecules becoming intercalated and increasing the interlayer
spacing.
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  Figure 9.40: Variation of E∗ with temperature for OMMT/MPDES batch B at
0.1Hz, 1% strain amplitude and 2.5% pre-strain (Tensile testing)
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  Figure 9.41: Variation of tan δ with temperature for OMMT/MPDES batch B
at 0.1Hz, 1% strain amplitude and 2.5% pre-strain (Tensile testing)
298
D. J. Lowe, July 2012 Chapter 9. Silane Coupling Agents With RCNs
0
2
4
6
8
10
12
-30 -15 0 15 30 45 60
E*
 /
 M
P
a
Temperature / °C
OM-10/Z-0.8/G
OM-10/Z-0.6/G
OM-10/Z-0.4/G
OM-10/Z-0.2/G
OM-10/Z-0/G
 
  Figure 9.42: Variation of E∗ with temperature for OMMT/MPDES batch B at
10Hz, 1% strain amplitude and 2.5% pre-strain (Tensile testing)
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Figure 9.43: Variation of tan δ with temperature for OMMT/MPDES batch B
at 10Hz, 1% strain amplitude and 2.5% pre-strain (Tensile testing)
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Summary of Results
MPDES was found to react with OMMT in a similar way to TESPT, with
similar effects on compression set, hardness and tear strength. Tensile modulus
was not increased by MPDES by as much as TESPT, because the bulkier molecules
limit the number of rubber-filler bonds that can be formed. Dynamic properties
were also changed in a similar way by both coupling agents. MPDES seemed
to decrease tan δ slightly more around the peak attributed to the second Tg,
and also shifted the peak position somewhat, but the utility of this for practical
applications is not yet clear. In general, then, there was nothing to suggest that
MPDES offered any advantages over TESPT for use in RCNs.
9.4 NR/OSEP/TESPT Nanocomposites
Although some work had been performed elsewhere on the use of silane
coupling agents with OMMT before the commencement of this work, no prior
research existed on their use with OSEP. It seemed likely that TESPT could
react with OSEP, but it was expected that there would be significant differences
in the effects of the coupling agent compared to what had been seen for OMMT.
Firstly, it was thought that the needle-like form of the OSEP particles would
cause the rubber-filler interface to fail differently as the stress concentrations
would be more intense, especially when the rubber was strained in the direction
of particle orientation. The second point was the occurrence of silanol groups over
the entire surface of the sepiolite particles. This contrasts with montmorillonite
which had a restricted distribution of facial silanols, although it was shown in
Section 9.2.7 that they were more abundant than expected. This would suggest a
greater capacity for reacting with the TESPT, so leading to a stronger rubber-filler
interface. However, there is also the issue of the exposed surface area per unit
mass of OSEP, which has proved very difficult to estimate.
9.4.1 Work By Other Researchers
When this work commenced, there had been nothing published on the subject
of NR/OSEP nanocomposites containing a silane coupling agent. There has since
been some work published129 on the subject, with some overlap between the
published work and that reported here. The most relevant results reported were
a large increase in tensile modulus following the addition of TESPT, along with
a small increase in TS.
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9.4.2 Description of OSEP/TESPT Batches A-C
Batch A: Different TESPT Contents and Mixing Procedures
The initial investigation into using TESPT in NR/OSEP nanocomposites used
5phr of OSEP and either 0phr, 1phr or 2phr of TESPT. To look at the effect of
mixing on the nanocomposite properties, both two-stage and three-stage mixing
procedures were used. All internal mixer steps were of five minutes duration. The
combination of three different formulations and two different mixing procedures
means a total of six compounds were produced. The recorded dump temperatures
were somewhat higher than was considered desirable, at ∼170◦C for the first
internal mixer steps and ∼160◦C for the second internal mixer steps, which had
the potential to cause premature coupling.
Dump Temperature(s)
OS-5/T-0/5min 163◦C
OS-5/T-1/5min 168◦C
OS-5/T-2/5min 175◦C
OS-5/T-0/5+5min 175◦C and 160◦C
OS-5/T-1/5+5min 175◦C and 160◦C
OS-5/T-2/5+5min 175◦C and 160◦C
OS-10/T-0/6min 152◦C
OS-10/T-1/6min 156◦C
OS-10/T-1/7min 153◦C
OS-10/T-1/8min 153◦C
OS-10/T-0/C 154◦C
OS-10/T-0.2/C 159◦C
OS-10/T-0.4/C 159◦C
OS-10/T-0.6/C 152◦C
OS-10/T-0.8/C 155◦C
OS-10/T-1/C 159◦C
Table 9.22: Dump temperatures for OSEP/TESPT batches A-C
Batch B: Different Mixing Procedures
Based on the previous results and the results of OMMT/TESPT batch B,
it was felt that it was not necessary to use a three-stage mixing procedure for
any further OSEP/TESPT nanocomposites. For this batch a two-stage mixing
procedure was used, based on the standard procedure detailed in Section 3.3.4.
The amount of OSEP used was increased to 10phr, while the TESPT content was
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1phr for the three test compounds or 0phr for the control. The internal mixer steps
used for the test compounds were of six (OS-10/T-1/6min), seven (OS-10/T-
1/7min) or eight (OS-10/T-1/8min) minutes duration, while a six minute
internal mixer step was used for the control compound (OS-10/T-0/6min). All
of the dump temperatures recorded were between 150◦C and 160◦C.
Batch C: Different TESPT Contents
After confirming that the standard seven minute silane mixing procedure
(Section 3.3.4) was suitable for NR/OSEP/TESPT nanocomposites, it was used
when investigating the effect of the TESPT content on the properties of these
nanocomposites. Six compounds were produced, all with 10phr of OSEP and
TESPT contents ranging from 0phr to 1phr. Once again, all of the dump
temperatures recorded were between 150◦C and 160◦C.
9.4.3 Network Visualisation TEM
As with OMMT, it was possible to use NVTEM to investigate how the addition
of TESPT changed the interaction between the rubber and the OSEP particles.
However, the NVTEM images of NR/OSEP nanocomposites produced proved
more difficult to interpret than the images of NR/OMMT nanocomposites had.
This was mostly due to the relative depth of the clay particles in comparison with
the thickness of the sample being examined: many OMMT particles, when viewed
edge-on, are of greater thickness than the depth of the sample being viewed, and
the PS area extends through the whole sample. OSEP particles, by contrast,
are significantly less deep than the sample, and so the PS regions are covered by
areas of stained rubber network, reducing the contrast between these areas and
the regions with no filler present.
However, it is possible to draw some conclusions from the NVTEM images
of NR/OSEP nanocomposites without TESPT (OS-10/T-0/6min) and with
TESPT (OS-10/T-1/7min), shown in Figures 9.44 and 9.45. In the former
image, the rubber is clearly stained while the inclusions appear predominantly gray.
These inclusions are interpreted as being regions of unstained PS surrounding the
sepiolite particles, which are being visualised through what is effectively a thin
veil of stained rubber above and/or below the filler particle. Though the stain is
less prominent in the latter image, there is no sign of PS areas surrounding the
filler particles. This indicates the formation of strong rubber-filler bonds by the
TESPT, preventing styrene from swelling into the rubber-filler interface.
302
D. J. Lowe, July 2012 Chapter 9. Silane Coupling Agents With RCNs
Figure 9.44: NVTEM image of OS-10/T-0/6min
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Figure 9.45: NVTEM image of OS/T-1/7min
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Figure 9.46: XRD patterns produced by OSEP/TESPT batch B
9.4.4 X-Ray Diffraction
As expected, the XRD patterns of the NR/OSEP/TESPT nanocomposites
(Figure 9.46) did not show any apparent variation attributable to the coupling
agent, being effectively identical to that of the nanocomposite without TESPT.
The clear peaks at 2θ =7.5◦ and 2θ =26.8◦, corresponding to spacings of 1.18nm
and 0.33nm, are attributed to the zeolitic channels that are found in sepiolite
particles. The only other distinct signals visible in Figure 9.46, at about 2θ = 9.6◦,
are believed to come from traces of talc on the surface of the material. These
traces were acquired subsequent to the nanocomposites being vulcanised.
9.4.5 Vulcanisation Behaviour
Looking at the rheometry results for the NR/OSEP/TESPT nanocomposites
(Table 9.23), there were relatively few consistent trends that could be assigned
to the influence of the TESPT. Batches B and C seemed to show very slight
increases in tS1, but batch A showed the opposite trend. There was no trend
visible in t95-tS1, while MH-ML showed only intermittent signs of being increased
by TESPT. However, the peak rate of curing did seem to be consistently increased
by TESPT, albeit not always by a very large amount.
The vulcanisation behaviour of the nanocomposites did not seem to be affected
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tS1 t95-tS1 ML MH-ML Peak Rate
[m:ss] [m:ss] [dNm] [dNm] [dNm/min]
OS-5/T-0/5min 3:16 6:35 0.38 9.29 2.97
OS-5/T-1/5min 3:17 5:51 0.38 9.22 3.33
OS-5/T-2/5min 3:02 6:14 0.44 8.89 3.07
OS-5/T-0/5+5min 3:40 5:30 0.31 9.20 3.15
OS-5/T-1/5+5min 3:24 6:05 0.38 9.26 3.45
OS-5/T-2/5+5min 3:09 6:08 0.43 9.04 3.21
OS-10/T-0/6min 2:35 5:49 0.64 9.17 3.08
OS-10/T-1/6min 2:43 5:55 0.55 9.33 3.21
OS-10/T-1/7min 2:47 5:41 0.49 9.67 3.46
OS-10/T-1/8min 2:58 5:32 0.34 9.22 3.28
OS-10/T-0/C 2:50 7:32 0.45 9.53 2.84
OS-10/T-0.2/C 2:58 5:55 0.50 9.85 3.48
OS-10/T-0.4/C 2:57 6:11 0.51 9.68 3.31
OS-10/T-0.6/C 2:55 6:09 0.48 9.59 3.29
OS-10/T-0.8/C 2:56 6:20 0.44 9.91 3.19
OS-10/T-1/C 2:58 5:37 0.39 9.59 3.24
Table 9.23: Vulcanisation behaviour of OSEP/TESPT batches A-C, determined
by rheometry at 150◦C
by the mixing procedure used, except perhaps for a small increase in scorch time
as mixing time increased. MH-ML was noticeably larger for OS-10/T-1/7min
than the other nanocomposites in batch B. It was tempting to attribute this
to an optimum mixing procedure producing a maximum degree of rubber-filler
coupling, but random experimental variation cannot be ruled out.
Comparing these results to those seen for NR/OMMT/TESPT nanocomposites
(Section 9.2.5), the most obvious difference is the much smaller decrease in scorch
time observed with OMMT (Section 6.4). The trends attributed to TESPT
when used with OMMT were not so obvious when looking at NR/OSEP/TESPT
nanocomposites. While MH-ML was slightly increased by the addition of TESPT,
at least for OSEP/TESPT batch C, the increase was much smaller than for
equivalent OMMT compounds. Another difference from the OMMT compounds
was that the curing time was not increased in most cases, although the small
increase in tS1 with TESPT resembled that seen before. The main similarity was
that the peak rate was significantly increased by TESPT for both organoclays.
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Figure 9.47: Tensile stress-strain measurements of OSEP/TESPT batch A: 0-
300% extension
9.4.6 Tensile Properties of OSEP/TESPT RCNs
Batch A
Tensile stress-strain measurements of these compounds (Figure 9.47) showed
that TS for both compounds with 2phr of TESPT was lower than with 1phr
or the control compounds. This could be explained by very strong rubber-filler
interaction making the rubber more brittle, and less able for crosslinks to break
to dissipate stress. The tensile modulus results showed little or no difference due
to the mixing procedure for 0phr or 1phr of TESPT, but OS-5/T-2/5min and
OS-5/T-2/5+5min showed substantially different moduli at all strains. This
might mean that there are two populations of silanol groups on the sepiolite
surface, one that reacts readily with up to 20wt% of TESPT, and a second that
only reacts with higher amounts of TESPT when mixed for a considerable time.
However, it seems more likely that the results for OS-5/T-2/5+5min are an
outlier for some reason, and there is little effect of mixing time on tensile modulus.
This would also suggest that there is little difference in tensile modulus seen
when using 1phr or 2phr of TESPT in this case. Comparing these nanocomposites
to those without TESPT showed that the coupling agent increased modulus
by up to 30%, with the biggest increase seen at ∼200% strain. The divergence
between the stress-strain curves of the materials with and without TESPT became
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Figure 9.48: Tensile stress-strain measurements of OSEP/TESPT batch B: 0-300%
extension
apparent at ∼80% strain, although the behaviour at strains below this suggested
the tangent moduli diverged at significantly lower extensions.
Batch B
While the introduction of TESPT had a very large effect on tensile modulus
(Figure 9.48), there was little difference seen that could be attributed to the
different mixing durations. The change in tensile modulus was similar to that
seen with the OMMT clays, but differed in two important respects. Firstly,
the ratio of the tensile moduli of an RCN containing TESPT to that of an
RCN without was greater for OSEP than for either OMMT clay. Secondly, the
divergence of the stress-strain curves of the nanocomposites with and without
TESPT began at ∼20% strain for OSEP rather than at around 40% strain as
seen for OMMT. The former point is probably due to the greater quantity and
better distribution of silanol groups on the surface of sepiolite, producing stronger
rubber-filler interaction. The latter is probably due to the different shapes of
the clays leading to greater concentrations of stress at the tips of the sepiolite
particles, meaning that the unreinforced rubber-filler interface cavitates at a lower
strain.
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Batch C
Looking at the effect of TESPT content on the tensile properties of NR/OSEP
nanocomposites (Figure 9.49), it was found that the first 0.2phr of TESPT had
a very large effect on stress-strain behaviour, as was also the case with OMMT.
There was a continuing effect of adding more TESPT even up to 1phr (10wt% of
OSEP), unlike with OMMT which showed no effect of higher amounts than 6wt%.
Although the tensile modulus of OS-10/T-0.8/C at high strains was lower than
expected, it is probable that this was an aberration rather than a trend, since
one of the three test pieces of this formulation fitted exactly between the median
stress-strain curves for OS-10/T-0.6/C and OS-10/T-1/C. It was concluded
that to find the level at which all accessible silanol had reacted and additional
TESPT had no effect would require higher TESPT contents that used here. TS
was unchanged for all the compounds except OS-10/T-1/C, for which it was
noticeably reduced. However, it is not unexpected that one compound should be
an outlier given the statistical distribution seen for TS for such materials.
Looking at the tangent moduli of these nanocomposites (Figure 9.50) showed
that Etan fell significantly over the course of just a few % extension, but the rate
of decline slowed sharply for the RCNs containing TESPT between 10% and 20%
strain. They showed significant experimental variation in Etan until ∼50% strain,
above which the modulus seemed to be reasonably well ordered in rank of their
respective TESPT contents. The difference in Etan between OS-10/T-0/C and
OS-10/T-1/C was quite consistently a factor of two between 50% and 150%
extension, much larger than the difference seen for OMMT with the same TESPT
contents. This must reflect a combination of the greater ability of OSEP to react
with the silane coupling agent, and the different shape of the OSEP making the
coupling agent more effective at increasing modulus.
Summary of Results
As seen previously, the addition of TESPT had a very limited effect on the
vulcanisation behaviour of these nanocomposites. By contrast, tensile modulus
was substantially altered by the addition of TESPT in all three batches. However,
it was only increased above a certain strain, with no effect seen initially. This was
the same behaviour as seen with OMMT and was again attributed to the coupling
agent preventing de-wetting and cavitation. The strain at which this occurs is
lower with OSEP (∼25%) than with OMMT (∼40%), which is believed to be due
to more intense stress concentrations at the ends of the OSEP particles. It was
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also observed that TESPT produces a greater increase in modulus with OSEP
than it does with OMMT. This might be due to there being more silanol groups
available for reaction on the surface of OSEP, leading to even stronger rubber-filler
interaction once coupling had occurred. It is also thought that strengthening
the rubber-filler interaction will allow the OSEP particles to reinforce to their
maximum potential, which would be greater than with OMMT as OSEP particles
have a significantly higher shape factor.
9.5 Summary
The silane coupling agent TESPT was shown to reinforce NR/OMMT and
NR/OSEP nanocomposites by strengthening the rubber-filler interface by the
formation of permanent chemical bonds. The impact on tensile modulus for a
given amount of TESPT was greater for OSEP than OMMT, which is attributed
to the different particles morphologies as well as a better distribution of silanol
groups on the surface of OSEP. In addition, additional reinforcement was produced
by TESPT contents of up to 10wt% for OSEP, possibly higher, while no difference
was seen when using contents greater than 5-6wt% for OMMT. This is attributed
to the greater number of silanols on the surface of OSEP, allowing reaction with
a greater quantity of silane coupling agent.
Investigations with the silane coupling agent OTPTS and MPDES showed
that neither was as effective was TESPT with OMMT. The main problem with
OTPTS is believed to be the high thermal stability of the thioester functionality.
OTPTS is designed for use in rubbers such as SBR and BR that cure much more
slowly than NR at a given temperature, and so the thioester does not break
down sufficiently to allow good coupling during the relatively short cure time of
an NR/OMMT nanocomposite. This is not believed to be such a problem with
MPDES as the thiol functionality is immediately reactive during vulcanisation.
The limited efficacy of MPDES is thought to be due to its large size, which means
that each molecule takes up a considerably larger area on the surface of the clay
than TESPT does, which means that fewer rubber-filler bonds can be formed.
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10.1 Summary of Results
The most important finding of this work is that both OMMT and OSEP
are effective reinforcing fillers for NR, at least with respect to modulus. TS
was not significantly improved by either organoclay, although the high innate
strength of NR means that this result is not surprising since other fillers, such as
carbon black, will not improve TS greatly either. In comparison to carbon black
or silica treated with a silane coupling agent, the organoclays had a markedly
different effect on how tensile modulus varied with strain. At high strains the
organoclays gave relatively low moduli, because weak rubber-filler interaction
allowed substantial stress dissipation by interfacial slippage and cavitation, while
at low strains the modulus was much greater than expected because of the highly
shaped morphologies of the organoclay particles. It was also attempted to induce
anisotropy in the tensile modulus of OSEP nanocomposites by aligning the needle-
like particles, with a maximum recorded difference between directions of 25%.
This is probably not sufficient for practical applications, but it is still hoped that
the direction-dependent variation can be increased further.
It was also demonstrated that OMMT and, to a lesser extent, OSEP act as
accelerator during vulcanisation of NR. As the organic quaternary ammonium
salt DDAC had an almost identical effect on vulcanisation when used in the
absence of clay, it was therefore concluded that the ammonium modifiers (DDA
in OMMT and BSDA in OSEP) are responsible for the accelerating effects of
the organoclays. The difference in vulcanisation behaviour between the two
organoclays is primarily a function of the lower CEC of sepiolite, which means
that it requires fewer organo-cations for modification into OSEP.
Both the organoclays were found to increase the crosslink density of NR
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vulcanisates due to their accelerating effects on vulcanisation. This provides a
significant non-filler contribution to the increase in elastic modulus observed with
the organoclays. The size of this contribution was estimated from tensile stress-
strain measurements of vulcanisates containing DDAC, which were correlated
with OMMT and OSEP contents by comparison of tS1 cure onset times. This
showed that increased crosslink density was responsible for much of the increase
in modulus produced by OMMT contents of 1-2phr.
The relationships derived between OMMT or OSEP content and the modulus of
the NR matrix were also used as part of an attempt to use various micromechanical
models to predict the Young’s modulus of nanocomposites containing a known
amount of organoclay filler. All the models were functions of f , the effective
shape factor of the population of filler particles, and so for a predictive model
f had to be estimated for both OMMT and OSEP. Several possibilities were
calculated for f , including the numerical mean and the volume-adjusted mean,
from manual analysis of TEM images. Of the models tested, the best was the
Halpin-Tsai model which gave very good fits with the experimental data for
both organoclays, as well as giving empirical values of f that agreed with the
estimates of average shape factors. The Krieger-Dougherty model also gave a
good empirical fit for both organoclays, but is still lacking an effective way of
relating f to the properties of the RCN.
Another interesting and novel area of work looked at mixing inorganic clay and
DDAC into NR at the same time. It was found that the DDAC could organically
modify the clay in situ to produce a nanocomposite. The tensile properties of
such a nanocomposite closely resembled those of an equivalent RCN created using
a commercial pre-modified organoclay. For OMMT the levels of exfoliation and
intercalation were also found, using XRD and TEM, to be very similar regardless
of whether the clay was pre-modified or modified in situ. The situation with
OSEP was different because even unmodified sepiolite shows excellent exfoliation,
with almost quantitative dispersion into individual particles, allowing little room
for improvement following organic modification. This meant that while in situ
was equally effective for both montmorillonite and sepiolite compared to their pre-
modified forms, it was much more effective for montmorillonite when compared
to their unmodified forms.
Investigating the use of silane coupling agents with organoclays found that
they increased tensile modulus in a characteristic fashion: Little or no effect
until a critical strain is reached, after which the stress-strain curves of an RCN
containing a coupling agent diverges from that of an otherwise-identical RCN
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containing no coupling agent. The cause is the chemical bonds that strengthen
the rubber-filler interface and thus prevent interfacial slippage and de-wetting
of the rubber from the surface of the filler. This means that the coupling agent
only begins to affect the modulus when the stress at interface becomes high
enough that these processes would otherwise begin to occur. This will be affected
by the shape of the particle, which explains why the critical strain seems to
be a characteristic of the organoclay used rather than the coupling agent, with
divergence occurring at 30-40% strain for OMMT and 20-25% strain for OSEP.
Comparing the efficacy of the different silane coupling agents, TESPT was
found to be the most effective of the three investigated. A good illustration of
this comes from a comparison of the tensile modulus at 200% strain of an NR
vulcanisate containing 10phr of OMMT. TESPT increases modulus by about
50% from the RCN without coupling agent, against 35% for MPDES and just
10% for OTPTS. OTPTS is so ineffective because the relatively high thermal
stability of the thioester group means that it does not break down into a reactive
thiol group rapidly enough for much reaction with the rubber network to occur
before vulcanistion is complete, due to the acceleration of the cure produced by
the organoclay. The decrease with MPDES is not thought to be related to the
reactivity of the shielded mercaptam group, but rather that each silane-clay bond
formed takes up more space than the equivalent bond formed with TESPT. The
subsequent space restriction means that fewer bonds can be formed and so the
maximum efficacy of the coupling agent is lower.
10.2 Conclusions
Arguably the most important conclusion to be drawn from this work is that
organoclays are unlikely to be suitable as a direct replacement for either carbon
black or silica in most applications, because they produce such a different pattern
of reinforcement. In particular, they do not appear to provide either the reduced
rolling resistance or improved wet grip that would make them suitable for replacing
silica in tyre tread compounds. Although barrier properties have not been looked
at in this report, there has been surprisingly little in the literature claiming the
kind of improvements previously seen with PCNs. This agrees with informal
reports received from tyre companies about their failure to reduce gas permeability
using organoclays, and suggests that they will not find a role in what is the largest
single market for rubber. It is also unlikely that it will be possible to make
substantial cost savings by using organoclays, even those produced in situ, instead
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of silica or carbon black. It will instead be necessary to find applications to
which the behaviour of organoclays is more suited and thus has a performance
advantage over existing systems. This is likely to take advantage of the high
modulus observed at very low strains, along with levels of damping similar to
what is achieved with higher contents of many grades of carbon black.
If and when an application for NR/organoclay nanocomposites is discovered,
it is likely that it will be beneficial to use a organoclay that is modified in situ
rather than pre-modified. Not only is such a nanocomposite expected to be
considerably cheaper to produce, it may also offer better performance than seen
with a pre-modified organoclay. This is because it will be possible to adjust
the modification level of the organoclay in order to tailor the properties of the
nanocomposite to better fulfill the requirements of the application in question.
The question of whether silane coupling agents will also prove a useful additive
to NR/organoclay nanocomposite is difficult to answer. While they can provide a
considerable improvement to the elastic modulus, this is not really significant at
strains below 20%. Many applications for elastomeric materials will not produce
strains greater than this, limiting the utility of adding the silane. This can be
contrasted with silica-filled rubbers, where a silane coupling agent has a large effect
on the unstrained rubber because it massively decreases filler-filler interaction.
It is perhaps more likely that a silane coupling agent will be used primarily for
other reasons, such as to increase the fatigue lifetime of a product or to decrease
the amount of permanent set it displays.
10.3 Further Work
There are a number of areas of work that would be worthwhile pursuing further
in the future. Of these, perhaps the foremost is to establish which engineering
applications the NR/organoclay nanocomposites might be particularly suited
to. This has been greatly hampered by the unavailability of dynamic testing
machines at TARRC that are particularly suited for carrying out this work. Once
this work has been carried out, it should be possible to optimise the important
characteristics of the nanocomposite to make them fit or exceed a commercial
specification for the desired application.
One idea that might improve the properties of NR/organoclays beyond what
has already been seen is to combine the work on silane coupling agents and in
situ modification, to see whether they can be made to work in unison. Although
it may prove that the process of in situ modification conflicts with the reaction
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of silane onto the surface of the clay during mixing, it is also possible that they
will enhance each other, with the reaction of the silane coupling agent opening
the unmodified clay particles up to allow more effective organic modification, or
vice versa. This could produce nanocomposites with improvements in mechanical
properties beyond what have been reported here.
Another area that would be relatively straightforward to investigate is the in
situ modification of other widely available clay minerals, such as hectorite and/or
fluorohectorite. It is likely that nanocomposites containing organoclays other than
OMMT and OSEP would have‘different properties and characteristics, that might
make them preferable for some applications. It is also hoped that studying these
materials would allow micromechanical modelling of organoclays with different
particle size distributions, to investigate the relationship between aspect ratio and
reinforcement. As well giving a better understanding of micromechanical models
of RCNs generally, this could also be used to derive an empirical relationship
between f and [η], allowing the KD model to be used predictively. Given the
good empirical fit produced by this model reported in this work, it may prove to
be the most effective model for predicting the behaviour of RCNs. It would also
be worth looking at in situ modification of clay minerals in elastomers other than
BR159 and NR, to see whether it is equally effective.
Another area of future interest is likely to be anisotropy of physical properties.
This would begin with attempts to increase the level of anisotropy seen with
NR/OSEP nanocomposites, by investigating the optimum method of aligning
the particles during processing. It would also be worthwhile to look at other
fibrous clay minerals, such as attapulgite and palygorskite, to see whether they
show any improvements over what can be achieved in this respect with sepiolite.
Again, it would also be worth expanding this work to look at other elastomers, to
determine if anisotropic effects of greater magnitude than in NR can be produced.
It is also possible to think of more speculative areas of investigation. One would
be to try to find an organic modifier that has less effect on vulcanisation, as this
will eliminate arguably the major problem preventing wider use of organoclays
in rubbers. One possibility would be to use a quaternary phosphonium salt
rather than an ammonium salt, as this will allow a similar structure to be used
but without the same level of vulcanisation activity. It is also possible to use
organic modifiers based on other onium salts; for example, sulfonium, imidazolium,
pyrrolidone and pyridinium salts are all reported174 to been used in organoclays.
Any of these might offer advantages in either vulcanisation activity or ability of
the organoclay to exfoliate during mixing.
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It is also worth considering the prospects for rubber nanocomposites using
non-clay fillers. There has been a reasonable amount of research interest into
using carbon nanotubes in rubber, but the cost of producing them means that
extraordinary results (which have been lacking to date) would be required to make
them worth using commercially. More promising is the field of bio-nanocomposites,
in particular the use of nanoparticles derived from cellulose. The properties of
the nano-cellulose can vary significantly between different source of cellulosic
material,175 due to differences in both the structure of the cellulose in the original
plant and the method used to break down the cellulose into individual nanofibres.
This means that there are a lot of potential fillers out there that need to be
researched.
The types of nanocellulose reported in the literature generally fall into one of
two categories: nanowhiskers are elongated crystalline particles with a rod-like
form, while nanofibrils consist of alternating amorphous and crystalline strings
of cellulose that make the particles longer and more flexible. One key difference
between the two when mixed into a polymer to form a nanocomposite is that the
nanofibrils can become entangled, leading to higher moduli and strengths. It is
also possible to modify nanocellulose particles with, for example, a silane coupling
agent, due to the presence of OH groups on the surface of the particles. This
would probably be required when using nanocellulose in hydrophobic elastomers
like NR, in order to prevent the particles from clumping together in a similar
fashion to unmodified silica, due to the formation of hydrogen bonds between
particles.
317
References
[1] Z. Rigbi. Reinforcement of rubber by carbon black. Rubber Chem. Technol.,
55:1180–1220, 1982.
[2] A. Voigt and K. Andrich. Rubber compositions containing a silica, 1956.
[3] P. Allen and G. Bloomfield. The Chemistry and Physics of Rubber-Like
Substances, chapter 1, pages 1–17. Maclaren & Sons (London, UK), 1963.
[4] J. Loadman. Tears of the Tree. Oxford University Press (Oxford, UK),
2005.
[5] A. Chapman and M. Porter. Natural Rubber Science and Technology,
chapter 12, pages 511–620. Oxford Science Publications (Oxford, UK),
1988.
[6] M. R. Krejsa and J. L. Koenig. A review of sulfur crosslinking fundamentals
for accelerated and unaccelerated vulcanization. Rubber Chem. Technol.,
66:376–410, 1993.
[7] F. Ignatz-Hoover. Review of vulcanization chemistry. Rubber World, pages
24–30, 101–102, August 1999.
[8] M. A. Lo´pez-Manchado, M. Arroyo, B. Herrero, and J. Biagiotti. Vulcaniza-
tion kinetics of natural rubber-organoclay nanocomposites. J. Appl. Polym.
Sci., 89:1–15, 2003.
[9] P. Dluzneski. Peroxide vulcanization of elastomers. Rubber Chem. Technol.,
74:451–492, 2000.
[10] C. Baker. Natural Rubber Science and Technology, chapter 11, pages 457–510.
Oxford Science Publications (Oxford, UK), 1988.
[11] L. Mullins. The Chemistry and Physics of Rubber-Like Substances, chap-
ter 11, pages 301–328. Maclaren & Sons (London, UK), 1963.
[12] What is Carbon Black? URL http://www.carbon-black.org/what_is.
html.
[13] R. Rauline. Coplymer rubber composition with silica filler, tyres having a
base of said composition and method of preparing same, 1993.
318
D. J. Lowe, July 2012 References
[14] S. Wolff. Reinforcing and vulcanization effects of silane Si 69 silica-filled
compounds. Kaut. Gummi Kunstst., 69:280–284, 1981.
[15] H-D. Luginsland. A review on the chemistry and the reinforcement of the
silica-silane filler system for rubber applications. Technical report, Degussa
AG, 2002.
[16] P. G. Joshi, R. W. Cruse, R. J. Pickwell, K. J. Weller, W. E Sloan, M. Hof-
stetter, E. R. Pohl, M. F. Stout, and F. D. Osterholtz. The next generation
of silane coupling agents for silica/silane-reinforced tread compounds. Tire
Technology International, pages 44–51, Annual Review 2003.
[17] H-X. Yan, K. Sung, Y. Zhang, Y-X. Zhang, and Y-Z. Fan. Effects of silane
coupling agents on the vulcanization characteristics of natural rubber. J.
Appl. Polym. Sci., 94:1511–1518, 2004.
[18] P. G. Joshi. Low VOC silanes reduce ethanol emissions. Rubber and Plastics
News, 35:30–32, 2005.
[19] O. Klockmann and A. Hasse. A new rubber silane for future requirements
- lower rolling resistance; lower VOCs. Kaut. Gummi Kunstst., 60:82–84,
2007.
[20] D. C. Blackley. Synthetic Rubbers: Their Chemistry and Technology. Applied
Scientific Publishers (London, UK), 1983.
[21] Rubber statistical bulletin, July-September 2011.
[22] L. Mullins and N. Tobin. Stress softening in rubber vulcanizates. Part I.
Use of a strain amplification factor to describe the elastic behaviour of
filler-reinforced vulcanized rubber. J. Appl. Polym. Sci., 9:2993–3009, 1965.
[23] P. Lindley, K. Fuller, and A. Muhr. Engineering design with natural rubber.
Technical report, Malaysian Rubber Producer’s Research Association, 1992.
[24] L. Mullins. Softening of rubber by deformation. Rubber Chem. Technol.,
42:339–362, 1969.
[25] S. Oberto. New instruments for measuring hardness. Rubber Chem. Technol.,
28:1054–1070, 1955.
[26] G. Tangorra. Hardness, modulus and thickness. Rubber Chem. Technol.,
39:1520–1525, 1966.
[27] R. S. Rivlin and A. G. Thomas. Rupture of rubber. I. Characteristic energy
for tearing. J. Polym. Sci., 10:291–318, 1953.
[28] L. Mullins. Reinforcement of rubber by fillers: Tear resistance. Rubber
Chem. Technol., 33:315–325, 1960.
319
D. J. Lowe, July 2012 References
[29] A. Gent and P. Mason. The Chemistry and Physics of Rubber-Like Sub-
stances, chapter 8: Viscoelastic Behaviour, pages 187–224. Maclaren &
Sons (London, UK), 1963.
[30] A. Payne. The dynamic properties of carbon black-loaded natural rubber
vulcanizates. Part I. J. Appl. Polym. Sci., 6:57–63, 1962.
[31] W. F. Fletcher and A. N. Gent. Non-linearity in the dynamic properties of
vulcanised rubber compounds. Trans. Inst. Rubber Ind., 29:266–280, 1953.
[32] A. I. Medalia. Effect of carbon black on dynamic properties of rubber
vulcanizates. Rubber Chem. Technol., 51:437–523, 1978.
[33] A. Einstein. Investigations on the Theory of the Brownian Movement.
Courier Dover Publications (New York, USA), 1956.
[34] E. Guth and O. Gold. On the hydrodynamical theory of the viscosity of
suspensions. Phys. Rev., 53:322, 1938.
[35] H. Smallwood. Limiting law of the reinforcement of rubber. J. Appl. Phys.,
15:758–766, 1944.
[36] E. Guth. Theory of filler reinforcement. J. Appl. Phys., 16:20–25, 1945.
[37] I. M. Krieger and T. J. Dougherty. A mechanism for non-newtonian flow in
suspensions of rigid spheres. Trans. Soc. Rheol., 3:137–152, 1959.
[38] H. A. Barnes, J. F. Hutton, and K. Walters. An Introdution to Rheology,
chapter 7.2, pages 119–131. Elsevier (Oxford, UK), 1989.
[39] R. Simha. The influence of Brownian movement on the viscosity of solutions.
J. Phys. Chem., 44:25–34, 1940.
[40] A. J. Tinker. The Payne Effect and Hysteresis. In Tire Technology Confer-
ence, 2010.
[41] A. N. Gent, J. A. Hartwell, and G. Lee. Effect of carbon black on crosslinking.
Rubber Chem. Technol., 76:517–532, 2003.
[42] H. R. Ahmadi and A. H. Muhr. Dynamic properties of filled rubber. II -
Physical basis of contribution to the model. Rubber Chem. Technol., 84:
24–40, 2011.
[43] J.C. Halpin. Stiffness and expansion estimates for oriented short fiber
composites. J. Compos. Mater., 3:732–734, 1969.
[44] J. C. Halpin and J. L. Kardos. The Halpin-Tsai equations: A review. Polym.
Eng. Sci., 16:344–352, 1976.
[45] T. B. Lewis and L. E. Nielsen. Dynamic mechanical properties of particulate-
filled composites. J. Appl. Polym. Sci., 14:1449–1471, 1970.
320
D. J. Lowe, July 2012 References
[46] C. Y. Hui and D. Shia. Simple formulae for the effective moduli of uni-
directional aligned composites. Polym. Eng. Sci., 38:774–782, 1998.
[47] L. A. Utracki. Clay-Containing Polymeric Nanocomposites, volume 1,
chapter 2.2, pages 73–95. Rapra Technology (Shrewsbury, UK), 2004.
[48] E. P. Gianellis. Polymer-silicate nanocomposites: Model systems for confined
polymers and polymer brushes. Adv. Polym. Sci., 138:107, 1999.
[49] A. Alvarez. Developments in sedimentology: Palygorskite-sepiolite occur-
rences, genesis, and uses, volume 37, chapter Sepiolite: properties and uses,
pages 253–287. Elsevier (Oxford, UK), 1984.
[50] J. L. Ahlrichs, C. Serna, and J. M. Serratosa. Structural hydroxyls in
sepiolites. Clays Clay Miner., 23:119–124, 1975.
[51] US Geological Survey Open-File Report 01-041. URL http://pubs.usgs.
gov/of/2001/of01-041/htmldocs/clays/seppaly.htm.
[52] E. Ruiz-Hitzky. Molecular access to intracrystalline tunnels of sepiolite. J.
Mater. Chem., 11:86–91, 2001.
[53] J. W. Jordan. Organophilic bentonites. I. Swelling organic liquids. J. Phys.
Colloid Chem., 53:294–306, 1949.
[54] Y. Kojima, A. Usuki, M. Kawasumi, A. Okada, Y. Fukushima, T. Kurauchi,
and O. Kamigaito. Mechanical properties of nylon 6-clay hybrid. J. Mater.
Res., 8:1185–1189, 1993.
[55] M. A. Lo´pez-Manchado, B. Herrero, and M. Arroyo. Organoclay/natural
rubber nanocomposites synthesized by mechanical and solution mixing
methods. Polym. Int., 53:1766–1772, 2004.
[56] Y-P. Wu, Y. Ma, Y-Q. Wang, and L-Q. Zhang. Effects of characteristics
of rubber, mixing and vulcanization on the structure and properties of
rubber/clay nanocomposites by melt blending. Macromol. Mater. Eng.,
289:890–894, 2004.
[57] L. B. de Paiva, A. R. Morales, and F. R. Valenzuela Diaz. Organoclays:
Properties, preparation and applications. Appl. Clay Sci., 42:8–24, 2008.
[58] A. Usuki, M. Kawasumi, Y. Kojima, A. Okada, T. Kurauchi, and O. Kami-
gaito. Swelling behaviour of montmorillonite cation exchanged for ω-amino
acids by -caproloactam. J. Mater. Res., 8:1174–1178, 1993.
[59] P. Aranda and E. Ruiz-Hitzky. Poly(ethylene oxide)-silicate intercalation
materials. Chem. Mater., 4:1395–1403, 1992.
[60] A. Usuki, Y. Kojima, M. Kawasumi, A. Okada, Y. Fukushima, T. Kurauchi,
and O. Kamigaito. Synthesis of nylon 6-clay hybrid. J. Mater. Res., 8:
1179–1184, 1993.
321
D. J. Lowe, July 2012 References
[61] N. Ogata, G. Jimenez, H. Kawai, and T. Okihara. Structure and thermal/
mechanical properties of poly(l-lactide)-clay blend. J. Polym. Sci. Pol.
Phys., 35:389–396, 1997.
[62] R. Vaia, H. Ishii, and E. Gianellis. Synthesis and properties of two-
dimensional nanostructures by direct intercalation of polymer melts in
layered silicates. Chem. Mater., 5:1694–1696, 1993.
[63] M. Alexandre and P. Dubois. Polymer/layered silicate nanocomposites:
Preparation, properties and uses of a new class of materials. Mater. Sci.
Eng. R, 28:1–63, 2000.
[64] S. Ray, A. Bhowmick, and S. Bandyopadhyay. Atomic force microscopy
studies on morphology and distribution of surface modified silica and clay
fillers in an ethylene-octene copolymer rubber. Rubber Chem. Technol., 76:
1091–1105, 2003.
[65] Y-W. Mai and Z-Z. Yu, editors. Polymer Nanocomposites. Woodhead
Publishing (Cambridge, UK), 2006.
[66] B. Chen, J. Evans, H. Greenwell, P. Boulet, P. Coveney, A. Bowden, and
A. Whiting. A critical appraisal of polymer-clay nanocomposites. Chem.
Soc. Rev., 37:568–594, 2008.
[67] Y. Zheng and Y. Zheng. Study on sepiolite-reinforced polymeric nano-
composites. J. Appl. Polym. Sci., 99:2163–2166, 2006.
[68] E. Bilotti, R. Zhang, H. Deng, F. Quero, H. R. Fischer, and T. Peijs.
Sepiolite needle-like clay for PA6 nanocomposites: An alternative to layered
silicates? Compos. Sci. Technol., 69:2587–2595, 2009.
[69] J. Ma, E. Bilotti, T. Peijs, and J. A. Darr. Preparation of polypropy-
lene/sepiolite nanocomposites using supercritical CO2 assisted mixing. Eur.
Polym. J., 43:4931–4939, 2007.
[70] E. Bilotti, H. Deng, R. Zhang, D. Lu, W. Bras, H. Fischer, and T. Peijs. Syn-
ergistic reinforcement of highly oriented poly(propylene) tapes by sepiolite
nanoclay. Macromol. Mater. Eng., 295:37–47, 2010.
[71] E. Bilotti, H. R. Fischer, and T. Peijs. Polymer nanocomposites based
on needle-like sepiolite clays: Effect of functionalized polymers on the
dispersion of nanofilller, crystallinity, and mechanical properties. J. Appl.
Polym. Sci., 107:1116–1123, 2008.
[72] L. Zhang, Y. Wang, Y. Wang, Y. Sui, and D. Wu. Morphology and
mechanical properties of clay/styrene-butadiene rubber nanocomposites. J.
Appl. Polym. Sci., 78:1873–1878, 2000.
[73] Y. Wang, L. Zhang, C. Tang, and D. Yu. Preparation and characterization
of rubber/clay nanocomposites. J. Appl. Polym. Sci., 78:1879–1883, 2000.
322
D. J. Lowe, July 2012 References
[74] Y-P. Wu, Q-X. Jia, D-S. Yu, and L-Q. Zhang. Structure and properties
of nitrile rubber (NBR)-clay nanocomposites by co-coagulating NBR latex
and clay aqueous suspension. J. Appl. Polym. Sci., 89:3855–3858, 2003.
[75] Y-Q. Wang, H. Wang, Y-P. Wu, J. Yang, and L. Zhang. Structure and
properties of strain-induced crystallisation rubber-clay nanocomposites by
co-coagulating the rubber latex and clay aqueous suspension. J. Appl.
Polym. Sci., 96:318–323, 2005.
[76] S. Varghese, K. Gatos, A. Apostolov, and J. Karger-Kocsis. Morphology and
mechanical properties of layered silicate reinforced natural and polyurethane
rubber blends produced by latex compounding. J. Appl. Polym. Sci., 92:
543–551, 2004.
[77] Y-P. Wu, L-Q. Zhang, Y-Q. Wang, Y. Liang, and D-S. Yu. Structure of
carboxylated acrylonitrile-butadiene rubber (CNBR)-clay nanocomposites
by co-coagulating rubber latex and clay aqueous suspension. J. Appl. Polym.
Sci., 82:2842–2848, 2001.
[78] R. Stephen, C. Ranganathaiah, S. Varghese, K. Joseph, and S. Thomas.
Gas transport through nano and micro composites of natural rubber (NR)
and their blend with carboxylated styrene butadiene rubber (XSBR) latex
membranes. Polymer, 47:858–870, 2006.
[79] S. Varghese and J. Karger-Kocsis. Natural rubber-based nanocomposites
by latex compounding with layered silicates. Polymer, 44:4921–4927, 2003.
[80] S. Kawahara, T. Kawazura, T. Sawada, and Y. Isono. Preparation and
charactarization of natural rubber dispersed in nano-matrix. Polymer, 44:
4527–4531, 2003.
[81] L. Valadares, C. Leite, and F. Galembeck. Preparation of natural rubber-
montmorillonite nanocomposite in aqueous medium: evidence for polymer-
platelet adhesion. Polymer, 47:672–678, 2006.
[82] Y-P. Wu, Y-Q. Wang, H-F. Zhang, Y-Z. Wang, D-S. Yu, L-Q. Zhang, and
J. Yang. Rubber/pristine clay nanocomposites prepared by co-coagulating
rubber latex and clay aqueous suspension. Compos. Sci. Technol., 65:
1195–1202, 2005.
[83] S. Joly, G. Garnaud, R. Ollitrault, L. Bokobza, and J. E. Mark. Organically
modified layered silicates as reinforcing fillers for natural rubber. Chem.
Mater., 14:4202–4208, 2002.
[84] R. Magaraphan, W. Thaijaroen, and R. Lim-Ochakun. Structure and
properties of natural rubber and modified montmorillonite nanocomposites.
Rubber Chem. Technol., 76:406–418, 2003.
323
D. J. Lowe, July 2012 References
[85] H. S. Jeon, J. K. Rameshwaram, G. Kim, and D. H. Weinkauf. Characteri-
zation of polyisoprene-clay nanocomposites prepared by solution blending.
Polymer, 44:5749–5758, 2003.
[86] H. S. Jeon, J. K. Rameshwaram, and G. Kim. Structure/property relation-
ships in exfoliated polyisoprene/clay nanocomposites. J. Polym. Sci. Pol.
Phys., 42:1000–1009, 2004.
[87] M. Ganter, W. Gronski, P. Reichart, and R. Muehlhaupt. Rubber nano-
composites: Morphology and mechanical properties of BR and SBR vulcan-
izates reinforced by organophilic layered silicates. Rubber Chem. Technol.,
74:221–235, 2001.
[88] M. Ganter, W. Gronski, H. Semke, T. Zilg, C. Thomann, and R. Muehlhaupt.
Surface-compatibilized layered silicates - a novel class of nanofillers for
rubbers with improved mechanical properties. Kaut. Gummi Kunstst., 54:
166–171, 2001.
[89] W-G. Hwang and K-H. Wei. Mechanical, thermal, and barrier properties
of NBR/organosilicate nanocomposites. Polym. Eng. Sci., 44:2117–2124,
2004.
[90] S. Varghese, J. Karger-Kocsis, and K. Gatos. Melt compounded epoxi-
dized natural rubber/layered silicate nanocomposites: structure-properties
relationships. Polymer, 44:3977–3983, 2003.
[91] S. Varghese and J. Karger-Kocsis. Melt-compounded natural rubber nano-
composites with pristine and organophilic layered silicates of natural and
synthetic origin. J. Appl. Polym. Sci., 91:813–819, 2004.
[92] P. Teh, Z. Mohd Ishak, A. Hashim, J. Karger-Kocsis, and U. Ishiaku. Effects
of epoxidized natural rubber as a compatibilizer in melt compounded natural
rubber-organoclay nanocomposites. Eur. Polym. J., 40:2513–2521, 2004.
[93] J. Karger-Kocsis. Thermoset rubber/layered silicate nanocomposites: Status
and future trends. Polym. Eng. Sci., 44:1083, 2004.
[94] J-T. Kim, T-S. Oh, and D-H. Lee. Preparation and characteristics of nitrile
rubber (NBR) nanocomposites based on organophilic layered clay. Polym.
Int., 52:1058–1063, 2003.
[95] S. Sadhu and A. Bhowmick. Morphology study of rubber based nano-
composites by transmission electron microscopy and atomic force microscopy.
J. Mater. Sci., 40:1633–1642, 2005.
[96] F. Scho¨n, R. Thomann, and W. Gronski. Shear controlled morphology
of rubber/organoclay nanocomposites and dynamic mechanical analysis.
Macromol. Symp., 189:105–110, 2002.
324
D. J. Lowe, July 2012 References
[97] D. Choi, M. Kader, B-H. Cho, Y. Huh, and C. Nah. Vulcanization kinetics
of nitrile rubber/layered clay nanocomposites. J. Appl. Polym. Sci., 98:
1688–1696, 2005.
[98] A. Usuki, A. Tukigase, and M. Kato. Preparation and properties of
EPDM/clay hybrids. Polymer, 43:2185–2189, 2002.
[99] C. Nah, H. Ryu, W. Kim, and Y-W. Chang. Preparation and properties of
acrylonitrile-butadiene copolymer hybrid nanocomposites with organoclays.
Polym. Int., 52:1359–1364, 2003.
[100] H. Essawy and D. El-Nashar. The use of montmorillonite as a reinforcing
and compatabilising filler for NBR/SBR rubber blend. Polym. Test., 23:
803–807, 2004.
[101] B. Liu, Q. Ding, J. Zhang, and B. Hu. Preparation and properties of new
EPDM/vermiculite nanocomposites. Polym. Compos., 26:706–712, 2005.
[102] B. Liu, Q. Ding, Q. He, J. Cai, B. Hu, and J. Shen. Novel preparation
and properties of EPDM/montmorillonite nanocomposites. J. Appl. Polym.
Sci., 99:2578–2585, 2006.
[103] S. Sadhu and A. Bhowmick. Preparation and properties of SBR based
nanocomposites: The influence of the structural and processing parameters.
J. Appl. Polym. Sci., 92:698–709, 2004.
[104] S. Sadhu and A. Bhowmick. Effect of chain length of amine and nature and
loading of clay on SBR / clay nanocomposites. Rubber Chem. Technol., 76:
860–875, 2003.
[105] H. Acharya, M. Pramanik, S. Srivastava, and A. Bhowmick. Synthe-
sis and evaluation of high-performance ethylene-propylene-diene terpoly-
mer/organoclay nanoscale composites. J. Appl. Polym. Sci., 93:2429–2436,
2004.
[106] M. Pramanik, S. Srivastava, B. Samantaray, and A. Bhowmick. Rubber-clay
nanocomposite by solution blending. J. Appl. Polym. Sci., 87:2216–2220,
2003.
[107] P. S. Brown, M. Porter, and A. G. Thomas. Influence of crosslink struc-
ture on properties in crystallising and non-crystallising polyisoprenes. In
International Rubber Conference, Kuala Lumpur, 1985.
[108] Y. T. Vu, J. E. Mark, L. H. Pham, and M. Engelhardt. Clay nanolayer
reinforcement of cis-1,4-polyisoprene and epoxidized natural rubber. J.
Appl. Polym. Sci., 82:1391–1403, 2001.
[109] H. Zheng, Y. Zhang, Z. Peng, and Y Zhang. Influence of the clay modification
and compatibilizer on the structure and mechanical properties of EPDM
rubber/montmorillonite composites. J. Appl. Polym. Sci., 92:638–646, 2004.
325
D. J. Lowe, July 2012 References
[110] Y. Chang, Y. Yang, and C. Nah. Preparation and properties of EPDM/clay
nanocomposites. Polym. Mater. Sci. Eng., 84:591–592, 2001.
[111] C. Nah, H. J. Ryu, S. H Han, J. Rhee, and M-H. Lee. Fracture behaviour
of acrylonitrile-butadiene rubber/clay nanocomposite. Polym. Int., 50:
1265–1268, 2001.
[112] Y. Wang, H-F. Zhang, Y. Wu, J. Yang, and L. Zhang. Preparation and
properties of natural rubber/rectorite nanocomposites. Eur. Polym. J., 41:
2776–2783, 2005.
[113] M. Arroyo, M. A. Lo´pez-Manchado, and B. Herrero. Organo-montmorillonite
as substitute of carbon in natural rubber compounds. Polymer, 44:2447–
2453, 2003.
[114] P. Bala, B. Samantaray, S. Srivastava, and G. Nanodo. Organomodified
montmorillonite as filler in natural and synthetic rubber. J. Appl. Polym.
Sci., 92:3583–3592, 2004.
[115] M. Song, C. Wong, J. Jin, A. Ansarifar, Z. Zhang, and M. Richardson.
Preparation and characterization of poly(styrene-co-butadiene) (SBR) and
polybutadiene rubber/clay nanocomposites. Polym. Int., 54:560–568, 2005.
[116] P. Teh, Z. Mohd Ishak, A. Hashim, J. Karger-Kocsis, and U. Ishiaku. Phys-
ical properties of natural rubber/organoclay nanocomposites compatibilized
with epoxidized natural rubber. J. Appl. Polym. Sci., 100:1083–1092, 2006.
[117] K. Reincke, W. Grellmann, and G. Heinrich. Investigation of mechanical and
fracture properties of elastomers filled with precipitated silica and nanofillers
based on layered silicates. In Proceedings of the American Chemical Society,
Rubber Division, 2003.
[118] H. Zheng, Y. Zhang, Z. Peng, and Y. Zhang. Influence of clay modification
on the structure and mechanical properties of EPDM/montmorillonite
nanocomposites. Polym. Test., 23:217–223, 2004.
[119] Y-R. Liang, Y-Q. Wang, Y-P. Wu, Y-L. Lu, H-F. Zheng, and L-Q. Zhang.
Preparation and properties of isobutylene-isoprene rubber (IIR)/clay nano-
composites. Polym. Test., 24:12–17, 2005.
[120] S. Chakraborty, S. Kar, S. Dasgupta, R. Mukhopadhyay, S. Bandyopadhyay,
M. Joshi, and S. C. Ameta. Effect of treatment of bis(3-triethoxysilyl
propyl)tetrasulfane on physical property of in situ sodium activated and
organomodified bentonite clay - SBR rubber nanocomposite. J. Appl. Polym.
Sci., 116(3):1660–1670, 2010.
[121] S. Varghese. Rubber nanocomposites via solution and melt intercalation.
Rubber World, pages 32–38, 2004.
326
D. J. Lowe, July 2012 References
[122] Nanocor, Bayer to market Nylon nanocomposite resins, Octo-
ber 1998. URL http://www.packagingnetwork.com/article.mvc/
Nanocor-Bayer-to-Market-Nylon-Nanocomposite-R-0001.
[123] Y-W. Chang, Y. Yang, S. Ryu, and C. Nah. Preparation and properties
of EPDM/organomontmorillonite hybrid nanocomposites. Polym. Int., 51:
319–324, 2002.
[124] L. Gonzalez, L. Ibarra, J. Royo, A. Rodriguez, and C. Chamorro. Sepiolite -
a new inorganic active filler for the rubber industry. Kaut. Gummi Kunstst.,
40:1053–1057, 1987.
[125] L. Bokobza, A. Burr, G. Garnaud, M. Perrin, and S. Pagnotta. Fi-
bre reinforcement of elastomers: nanocomposites based on sepiolite and
poly(hydroxyethyl acrylate). Polym. Int., 53:1060–1065, 2004.
[126] L. Bokobza. Elastomeric composites. I. Silicone composites. J. Appl. Polym.
Sci., 93:2095–2104, 2004.
[127] L. Bokobza and J-P. Chauvin. Reinforcement of natural rubber: Use of
in-situ generated silicas and nanofibres of sepiolite. Polymer, 46:4144–4151,
2005.
[128] L. Bokobza, E. Leroy, and V. Lalanne. Effect of filling mixtures of sepiolite
and a surface modified fumed silica on the mechanical and swelling behavior
of a styrene-butadiene rubber. Eur. Polym. J., 45(4):996–1001, 2009.
[129] M. Bhattacharya, M. Maiti, and A. Bhowmick. Influence of different
nanofillers and their dispersion methods on the properties of natural rubber
nanocomposites. Rubber Chem. Technol., 81(5):782–808, 2008.
[130] M. Bhattacharya, M. Maiti, and A. Bhowmick. Tailoring properties of
styrene butadiene rubber nanocomposite by various nanofillers and their
dispersion. Polym. Eng. Sci., 49(1):81–98, 2009.
[131] A. K. Manna, D. K. Tripathy, P. P. De, S. K. De, M. K. Chatterjee, and
D. G. Peiffer. Bonding between epoxidised natural rubber and clay in
presence of silane coupling agent. J. Appl. Polym. Sci., 72:1895–1903, 1999.
[132] J. C. Dai and J. T. Huang. Surface modification of clays and clay/rubber
composite. Appl. Clay Sci., 15:51–65, 1999.
[133] J-T. Kim, D-Y. Lee, T-S. Oh, and D-H. Lee. Characteristics of nitrile-
butadiene rubber layered silicate nanocomposites with silane coupling agent.
J. Appl. Polym. Sci., 89:2633–2640, 2003.
[134] N. Alkadasi, U. Kapadi, and D. Hundiwale. Effect of titanate coupling
agent on the mechanical properties of clay-filled polybutadiene rubber. J.
Appl. Polym. Sci., 93:1299–1304, 2004.
327
D. J. Lowe, July 2012 References
[135] S. Monte. Making nanotechnology work with titanates and zirconates.
Technical report, Kenrich Pharmaceuticals, 2005.
[136] A. Morgan and J. Gilman. Characterization of polymer-layered silicate (clay)
nanocomposites by transmission electron microscopy and x-ray diffraction:
a comparative study. J. Appl. Polym. Sci., 87:1329–1338, 2003.
[137] J. Sharif, W. Younis, K. Dahlen, and M. Ahmad. Preparation and properties
of radiation crosslinked natural rubber/clay nanocomposites. Polym. Test.,
24:211–217, 2005.
[138] T. G. Rochow and E. G. Rochow. An Introduction to Microscopy by Means
of Light, Electrons, X-Rays or Ultrasound, chapter 12, pages 243–272.
Plenum Press (New York, USA), 1978.
[139] T. G. Rochow and E. G. Rochow. An Introduction to Microscopy by Means
of Light, Electrons, X-Rays or Ultrasound, chapter 13, pages 273–298.
Plenum Press (New York, USA), 1978.
[140] P. Bala and B. Samantaray. Effect of alkylammonium intercalated mont-
morillonite as filler on natural rubber. J. Mater. Sci. Lett., 20:563–564,
2001.
[141] J. Fan, S. Liu, G. Chen, and Z. Qi. SEM study of a polystyrene/clay
nanocomposite. J. Appl. Polym. Sci., 83:66–69, 2002.
[142] J. E. O’Connor. Short-fiber-reinforced elastomer composites. Rubber Chem.
Technol., 50:945–958, 1977.
[143] S. R. Moghe. Mechanical properties of short-fiber-elastomer composites.
Rubber Chem. Technol., 49:1160–1166, 1976.
[144] A. Y. Coran, P. Hamed, and L. A. Goettler. The mechanical behavior of
short-fiber-elastomer composites. Rubber Chem. Technol., 49:1167–1181,
1976.
[145] A. Y. Coran, K. Boustany, and P. Hamed. Short-fiber-rubber composites:
the properties of oriented cellulose-fiber-elastomer composites. Rubber Chem.
Technol., 47:396–410, 1974.
[146] M. Tian, L. Cheng, W. Liang, and L. Zhang. The anisotropy of fibrilar
silicate/rubber nanocomposites. Macromol. Mater. Eng., 290:681–687, 2005.
[147] M. Tian, L. Cheng, W. Liang, and L. Zhang. Overall properties of fibrillar
silicate/styrene-butadiene rubber nanocomposites. J. Appl. Polym. Sci.,
101:2725–2731, 2006.
[148] M. Tian, W-L. Liang, G-Y. Rao, L-Q. Zhang, and C-X. Guo. Surface
modification of fibrillar silicate and its reinforcing mechanism on FS/rubber
composites. Compos. Sci. Technol., 65:1129–1138, 2005.
328
D. J. Lowe, July 2012 References
[149] M. Tian, L-L. Su, W-T. Cai, S. Yin, Q. Chen, H. Fong, and L-Q.
Zhang. Mechanical properties and reinforcement mechanisms of hydro-
genated acrylonitrile-butadiene rubber composites containing fibrillar sili-
cate nanofibers and short aramid microfibers. J. Appl. Polym. Sci., 120:
1439–1447, 2011.
[150] L. R. G. Treloar. The Physics of Rubber Elasticity. Clarenson Press (Oxford,
UK), 1975.
[151] B. Saville and A. A. Watson. Structural characterization of sulfur-vulcanized
rubber networks. Rubber Chem. Technol., 40:100–148, 1967.
[152] M. Mooney. A theory of large elastic deformation. J. Appl. Phys., 11:
582–592, 1940.
[153] R. S. Rivlin and D. W. Saunders. Large elastic deformations of isotropic
materials. VII. Experiments on the deformation of rubber. Phil. Trans. Roy.
Soc. A, 243:251–288, 1951.
[154] D. S. Campbell, A. V. Chapman, I. R. Goodchild, and W. S. Fulton.
Experimental determination of the Mooney-Rivlin constant for natural
rubber vulcanisates. J. Nat. Rubb. Res., 7:168–180, 1992.
[155] F. Hanim ab Hanan, A. J. Tinker, and A. S. Farid. Determination of
crosslink densities of filled rubbers by cyclic pre-straining.
[156] L. Ladouce-Stelandre, Y. Bomal, L. Flandin, and D. Labarre. Dynamic
mechanical properties of precipitated silica-filled rubber: Influence of mor-
phology and coupling agent. Rubber Chem. Technol., 76:145–159, 2003.
[157] G. Ramorino, F. Bignotti, S. Pandini, and T. Ricco. Mechanical reinforce-
ment in natural rubber/organoclay nanocomposites. Compos. Sci. Technol.,
69:1206–1211, 2009.
[158] Y. Fukahori. Generalized concept of the reinforcement of elastomers. Part I:
Carbon black reinforcement of rubbers. Rubber Chem. Technol., 80:701–725,
2007.
[159] S. H. Wang, Y. Zhang, Z. L. Peng, and Y. X. Zhang. New method for
preparing polybutadiene rubber/clay composites. J. Appl. Polym. Sci., 98:
227–237, 2005.
[160] M-J. Wang. Effect of polymer-filler and filler-filler interactions on dynamic
properties of filled vulcanizates. Rubber Chem. Technol., 71:520–589, 1998.
[161] J. McCleverty, N. Spencer, N. Bailey, and S. Shackleton. Aspects of
the inorganic chemistry of rubber vulcanisation. part I. reactions of zinc
bis(dithiocarbamates) and bis(benzothiazole-2-thiolates) with carboxylates.
J. Chem. Soc., Dalton Trans., pages 1939–1944, 1980.
329
D. J. Lowe, July 2012 References
[162] G. Box and N. Draper. Empirical Model-Building and Response Surfaces,
page 424. Wiley (New York, USA), 1987.
[163] D. J. Lowe, A. V. Chapman, S. Cook, and J. J. C. Busfield. Micromechanical
models of Young’s modulus of NR/organoclay nanocomposites. J. Polym.
Sci. Pol. Phys., 49:1621–1627, 2011.
[164] B. Chen and J. R. G. Evans. Elastic moduli of clay platelets. Scripta
Mater., 54:1581–1585, 2006.
[165] Y-P. Wu, Q-X. Jia, D-S. Yu, and L-Q. Zhang. Modelling Young’s modulus
of rubber-clay nanocomposites using composite theories. Polym. Test., 23:
903–909, 2004.
[166] A. M. Wierenga, T. A. J. Lenstra, and A. P. Philipse. Aqueous dispersions of
colloidal gibbsite platelets: synthesis, characterisation and intrinsic viscosity
measurements. Colloid. Surf. A, 134:359–371, 1998.
[167] F. M. van der Kooij, E. S. Boek, and A. P. Philipse. Rheology of dilute
suspensions of hard platelike colloids. J. Colloid Interf. Sci., 235:344–349,
2001.
[168] D. Shia, C. Y. Hui, S. D. Burnside, and E. P. Gianellis. An interface
model for the prediction of young’s modulus of layered silicate-elastomer
nanocomposites. Polym. Compos., 19:608–617, 1998.
[169] D. J. Lowe, A. V. Chapman, S. Cook, and J. J. C. Busfield. Natural rubber
nanocomposites by in situ modification of clay. Macromol. Mater. Eng.,
296:693–702, 2011.
[170] H-U. Jeon, D-H. Lee, D-J. Choi, M-S. Kim, J-H. Kim, and H-M Jeong.
Characteristics of rubber/sodium montmorillonite nanocomposites prepared
by a novel method. J. Macromol. Sci., Phys., 46:1151–1163, 2007.
[171] S. Wolff. A new development for reversionstable sulfur-cured NR compounds.
Kaut. Gummi Kunstst., 32:760–765, 1979.
[172] S. S. Salina Sarkawi, W. K. Dierkes, and J. W. M. Noordermeer. Re-
inforcement of natural rubber by silica fillers. In Tire Technology 2012,
Cologne.
[173] N. Hewitt. Compounding precipitated silica in elastomers. Elsevier (Oxford,
UK), 2007.
[174] L. A. Utracki. Clay-Containing Polymeric Nanocomposites, volume 1,
chapter 2.3, pages 97–200. Rapra Technology (Shrewsbury, UK), 2004.
[175] H. P. S. Abdul Khalil, A. H. Bhat, and A. F. Ireana Yusra. Green composites
from sustainable cellulose nanofibrils: A review. Carbohydrate Polymers,
87:963–979, 2012.
330
Appendix A
List of Presentations and
Publications
A.1 Conferences
Work from this thesis has been presented at a number of conferences, by David
Lowe unless otherwise specified:
• “Reinforcement of Natural Rubber with Organoclays” at the November 2006
meeting of the Rubber in Engineering Group of the Institute of Materials,
Mining and Minerals in London, UK (Presentation and poster)
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A.2 Journals
Two papers have so far been published based on work from this thesis. The
first pages of these two papers can be found on the following two pages. In
addition, a paper entitled “NR/Organoclay Nanocomposites with Silane Coupling
Agents” has been submitted to the journal Rubber Chemistry and Technology,
and is currently under review.
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ABSTRACT: Small strain Young’s moduli of natural rubber (NR)/
organoclay nanocomposites were estimated using the Guth–
Gold, Halpin–Tsai (HT), and Krieger–Dougherty (KD) models,
and compared with experimental measurements of NR vulcani-
zates containing organo-montmorillonite (OM) or organo-sepio-
lite (OS). To account for the effect on modulus of the NR matrix
of the vulcanization-active modifier in the organoclay, a matrix
modulus correction (MMC) term was derived from the vulcaniza-
tion parameters of the nanocomposites. The KD model gave a
better empirical fit with the experimental data than the
Guth–Gold model, with both giving good agreement with
particle shape factors estimated from transmission electron
microscope (TEM) images. The HT model gave the best fit with
experiment for both types of nanocomposite, and use of the
MMC term meant that the empirical shape factor was sufficiently
close to that estimated from TEM images that the model could
potentially be used to accurately predict the Young’s moduli of
NR/OM and NR/OS nanocomposites. VC 2011 Wiley Periodicals,
Inc. J Polym Sci Part B: Polym Phys 49: 1621–1627, 2011
KEYWORDS: modelling; nanocomposites; organoclay; rubber;
vulcanization
INTRODUCTION
Rubber/Organoclay Nanocomposites
Over the past 20 years, the use of polymer/clay nanocompo-
sites has been shown to lead to improvements in character-
istics, such as mechanical properties,1–7 permeability,2–4,8
and fire retardancy.2–4,9 Elastomer/clay nanocomposites are
an important subgroup of these materials, with one of the
most commonly used elastomers being natural rubber (NR).
NR-based nanocomposites have been created using a range
of clay minerals,10–17 often in the form of organoclays18 with
improvements reported in many mechanical properties.
However, the quaternary ammonium salts typically used to
organically modify the clay, which also act as an accelerator
for sulfur-based vulcanization systems. This leads to more
rapid curing,13,19 and, in particular, a great decrease in the
cure onset time, which can be reduced to a fraction that of
seen for a similar unfilled compound.
The clay mineral are most commonly organomodified for use
in both polymers generally1–5,8–9 and elastomers specifi-
cally11–15,20–22 is montmorillonite. Montmorillonite sheets
are typically 100 nm–1 lm in diameter and 1 nm in thick-
ness. In unmodified montmorillonite, these sheets stack to-
gether face-to-face with an interlayer spacing of 1.25 nm
and with the stacks agglomerating further to form aggregates
many times larger than the individual sheets. In organo-
montmorillonite (OM), the stacks have a considerably larger
interlayer spacing, up to 4 nm, with the exact distance de-
pendent on the type and quantity of modifying agent used.
Another clay mineral used in both polymer/organo-
clay6,7,23,24 and elastomer/organoclay16,17,25,26 nanocompo-
sites is sepiolite. Sepiolite is composed of needle-like par-
ticles, which in the unmodified clay form aligned bundles. It
has been shown19 that, while unmodified sepiolite and
organo-sepiolite (OS) both break down to a large extent
when mixed in NR, OS is more reinforcing due to better
compatibility with the elastomeric matrix.
Micromechanical Models for Filler Reinforcement of
Rubber
There have been a considerable number of attempts to pre-
dict the behavior of polymer/organoclay nanocomposites
using micromechanical models, such as the Rule of Mix-
tures,27 the Halpin–Tsai (HT) model,28,29 or the Mori–
Tanaka30 model. However, there have been relatively few
attempts to use such models to do the same for elastomer/
organoclay nanocomposites.15,31 In this work, three
different micromechanical models are used to produce esti-
mates of the tensile moduli of NR/OM and NR/OS
nanocomposites.
VC 2011 Wiley Periodicals, Inc.
WWW.MATERIALSVIEWS.COM JOURNAL OF POLYMER SCIENCE PART B: POLYMER PHYSICS 2011, 49, 1621–1627 1621
WWW.POLYMERPHYSICS.ORG FULL PAPER
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Natural Rubber Nanocomposites by In Situ
Modification of Clay
David J. Lowe,* Andrew V. Chapman, Stuart Cook, James J.C. Busfield
Introduction
An important area of research in the last 20 years has been
the use of highly exfoliated clays as a filler for polymers.
Polymer/clay nanocomposites offer improvements in
many important properties, such as permeability,[1–4]
mechanical behaviour[2–10] and fire retardancy.[2–4,11–13]
An importantsubsetof thisworkhasbeenthedevelopment
of elastomer/clay nanocomposites.
The clay mineral most often used in elastomer/clay
nanocomposites is montmorillonite, which consists of
individual silicate sheets that are 1nm thick and have
aspect ratios of up to 500. While unmodified montmor-
illonite is composed of very large particles (>1mm)
consisting of many aggregated clay sheets, in a nanocom-
posite the montmorillonite is found as a mixture of fully
exfoliated sheets and tactoids (particles composed of two
or more sheets stacked face-to-face).
Although elastomer/clay nanocomposites can be
created from unmodified montmorillonite by dispersal
into a latex,[14–16] it is more common to use organo-
montmorillonite (OMMT). Organoclays such as OMMT are
produced by replacing exchangeable metal cations on
the surface of the clay particles with bulky organic ions,
often quaternary ammonium salts.[17] This makes the clay
surface more organophilic, and also causes a significant
increase in inter-layer spacing for expanding clays such as
montmorillonite, facilitating the exfoliation of the clay
sheets toproduceananocomposite.OMMThasbeenused to
create nanocomposites by mixing with many different
elastomers, including natural rubber (NR),[18–22] styrene/
butadiene rubber (SBR),[23,24] butadiene rubber (BR),[24,25]
nitrile/butadiene rubber (NBR),[26,27] ethylene/propylene/
diene monomer rubber (EPDM)[28,29] and epoxidised
natural rubber (ENR).[30] One disadvantage of using OMMT
or other organoclays is the accelerating effect they have
on vulcanisation, particularly the very large decrease
in the cure onset time. This is caused by the organic
quaternary ammonium salts used to perform the organic
modification.[19,31]
Full Paper
D. J. Lowe, A. V. Chapman, S. Cook
Tun Abdul Razak Research Centre (TARRC), Brickendonbury,
Hertford, Hertfordshire SG13 8NL, UK
E-mail: dlowe@tarrc.co.uk
J. J. C. Busfield
Department of Materials, Queen Mary University of London,
Mile End Road, London E1 4NS, UK
The fabrication of nanocomposites by organic modification of clay during mixing into NR is
reported. NR/OMMT nanocomposites show more intercalation and exfoliation at higher
modifier content, increasing the tensile modulus primarily by improved filler reinforcement.
Comparison with nominally identical pre-modified
OMMT shows similar microstructures and physical
properties. No effect of mixing duration is observed,
indicating that modification is rapid. Unlike montmor-
illonite, unmodified sepiolite disperses well in NR, so
organo-modification improves compatibility but does
not affect the nanocomposite microstructure. This
means that organo-sepiolite offers relatively small
improvements over sepiolite as a filler for NR.
Macromol. Mater. Eng. 2011, 296, 693–702
 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com DOI: 10.1002/mame.201000395 693
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Appendix B
Measurements of Particle
Dimensions
The dimensions of OMMT and OSEP particles were measured from two images
of OM*-10g and three images of OS-10, which follow this page. The images
are annotated to indicate the particle that were measured, and are followed by a
list giving the measured dimensions of each particle. The shape factors calculated
from the collated results for OMMT and OSEP are given in Table 7.1, while the
shape factors estimated from each image are given in Table B.1.
OMMT OMMT OSEP OSEP OSEP
Image 1 Image 2 Image 1 Image 2 Image 3
Total no. of particles 270 139 80 70 107
Numerical mean 9.7 10.2 14.1 22.4 14.0
Numerical median 8.4 9.1 11.1 18.3 12.6
Volume-adjusted mean 7.9 8.5 14.9 23.7 14.0
Surface area-adjusted mean 9.4 10.2 16.3 27.2 14.9
Root mean squared 11.0 11.2 17.0 27.6 15.5
Table B.1: Estimated values for f for OMMT and OSEP in NR
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Figure B.1: TEM of OM-10, annotated with particle numbers as used in accom-
panying information
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Particle 
no.
Length 
[nm]
No. of 
sheets
Thickness 
[nm]
Shape factor Surface area 
[nm
2
]
Volume 
[nm
3
]
1 189 6 22.8 8.3 89077 818486
2 46 1 3.8 12.1 4900 7985
3 174 5 19 9.2 73762 575127
4 195 12 45.6 4.3 111278 1727650
5 142 2 7.6 18.7 44560 152941
6 201 3 11.4 17.7 90208 461870
7 98 2 7.6 12.9 22098 72674
8 55 1 3.8 14.4 6855 11440
9 93 3 11.4 8.1 21432 98055
10 57 2 7.6 7.5 8309 24954
11 54 2 7.6 7.1 7371 21822
12 85 2 7.6 11.2 17182 55426
13 77 1 3.8 20.2 12997 22473
14 75 1 3.8 19.8 12418 21425
15 60 1 3.8 15.9 8203 13842
16 147 4 15.2 9.7 52265 329209
17 48 2 7.6 6.3 6079 17549
18 122 6 22.8 5.4 40941 339798
19 75 3 11.4 6.6 14762 64580
20 75 1 3.8 19.6 12237 21098
21 62 1 3.8 16.4 8745 14812
22 120 11 41.8 2.9 48979 603697
23 96 2 7.6 12.7 21413 70261
24 108 2 7.6 14.2 26636 88734
25 79 1 3.8 20.9 13765 23865
26 126 3 11.4 11.0 37386 180402
27 158 9 34.2 4.6 71311 850520
28 78 2 7.6 10.3 14648 46617
29 160 3 11.4 14.0 58466 291679
30 44 1 3.8 11.7 4614 7485
31 144 9 34.2 4.2 61222 709869
32 72 1 3.8 18.8 11339 19477
33 132 2 7.6 17.3 38634 131607
34 212 6 22.8 9.3 109422 1026777
35 109 4 15.2 7.2 30249 179654
36 89 3 11.4 7.8 19858 90084
37 38 1 3.8 10.0 3489 5528
38 55 2 7.6 7.3 7844 23399
39 98 3 11.4 8.6 23507 108617
40 77 1 3.8 20.2 12954 22396
41 58 4 15.2 3.8 10361 51775
42 65 3 11.4 5.7 11360 47903
43 68 1 3.8 18.0 10386 17759
44 191 6 22.8 8.4 90283 830765
45 71 3 11.4 6.2 13267 57210
46 40 2 7.6 5.2 4366 11999
47 60 1 3.8 15.9 8214 13862
48 49 1 3.8 12.8 5496 9035
49 55 1 3.8 14.6 6959 11625
50 222 6 22.8 9.7 118936 1124930
51 100 4 15.2 6.6 26182 152673
52 107 2 7.6 14.1 26228 87286
53 102 3 11.4 9.0 25616 119410
54 228 8 30.4 7.5 132068 1585347
55 75 1 3.8 19.7 12390 21375
56 77 1 3.8 20.3 13083 22629
Particle 
no.
Length 
[nm]
No. of 
sheets
Thickness 
[nm]
Shape factor Surface area 
[nm
2
]
Volume 
[nm
3
]
57 56 1 3.8 14.8 7149 11962
58 67 2 7.6 8.8 10894 33703
59 80 2 7.6 10.5 15139 48318
60 72 3 11.4 6.3 13737 59520
61 224 16 60.8 3.7 154859 3051424
62 49 2 7.6 6.4 6258 18136
63 43 2 7.6 5.7 5034 14145
64 69 2 7.6 9.1 11628 36211
65 235 10 38 6.2 145784 2092233
66 151 2 7.6 19.9 50485 174345
67 119 5 19 6.3 37576 270783
68 130 5 19 6.8 43522 319790
69 112 3 11.4 9.8 30147 142753
70 26 1 3.8 6.9 1786 2634
71 43 1 3.8 11.3 4320 6971
72 52 2 7.6 6.8 6945 20404
73 93 4 15.2 6.1 22765 130242
74 43 2 7.6 5.7 5106 14378
75 55 2 7.6 7.3 7822 23324
76 153 7 26.6 5.8 63135 623112
77 80 3 11.4 7.0 16497 73202
78 155 4 15.2 10.2 57655 366432
79 231 5 19 12.2 124473 1015569
80 125 2 7.6 16.4 34909 118246
81 155 4 15.2 10.2 57323 364138
82 91 2 7.6 12.0 19493 63512
83 108 2 7.6 14.2 26431 88008
84 79 3 11.4 6.9 15950 70480
85 206 10 38 5.4 116115 1611460
86 146 5 19 7.7 53710 404857
87 204 3 11.4 17.9 92901 476400
88 53 3 11.4 4.7 8129 32463
89 279 11 41.8 6.7 202876 3263669
90 120 4 15.2 7.9 36024 218396
91 119 2 7.6 15.7 32133 108313
92 156 6 22.8 6.8 62659 552471
93 44 1 3.8 11.6 4521 7321
94 102 2 7.6 13.4 23692 78304
95 104 3 11.4 9.1 26489 123891
96 55 2 7.6 7.3 7822 23324
97 52 3 11.4 4.5 7732 30606
98 110 3 11.4 9.6 29066 137164
99 154 2 7.6 20.2 52016 179890
100 30 2 7.6 4.0 2765 7002
101 53 1 3.8 13.9 6375 10589
102 93 6 22.8 4.1 25948 198739
103 71 2 7.6 9.4 12274 38426
104 112 7 26.6 4.2 36975 333354
105 89 1 3.8 23.4 17172 30058
106 308 15 57 5.4 259836 5404452
107 50 1 3.8 13.0 5656 9316
108 103 5 19 5.4 29245 203167
109 94 2 7.6 12.4 20666 67635
110 122 6 22.8 5.4 40992 340291
111 65 4 15.2 4.2 12260 63349
112 88 5 19 4.6 22218 147462
Particle 
no.
Length 
[nm]
No. of 
sheets
Thickness 
[nm]
Shape factor Surface area 
[nm
2
]
Volume 
[nm
3
]
113 232 7 26.6 8.7 132232 1430517
114 33 1 3.8 8.7 2681 4140
115 42 1 3.8 11.1 4165 6700
116 54 2 7.6 7.1 7469 22147
117 67 1 3.8 17.7 10107 17257
118 54 3 11.4 4.8 8394 33713
119 58 3 11.4 5.1 9388 38420
120 27 2 7.6 3.5 2217 5357
121 60 3 11.4 5.3 10075 41709
122 53 2 7.6 7.0 7307 21606
123 40 2 7.6 5.2 4340 11919
124 76 3 11.4 6.6 14900 65265
125 32 1 3.8 8.5 2559 3932
126 226 7 26.6 8.5 125725 1352988
127 193 3 11.4 16.9 83342 424872
128 190 10 38 5.0 100798 1367331
129 79 4 15.2 5.2 17279 94821
130 59 2 7.6 7.7 8645 26084
131 224 5 19 11.8 117531 954700
132 129 5 19 6.8 43180 316960
133 105 3 11.4 9.2 26612 124522
134 59 3 11.4 5.2 9635 39600
135 83 1 3.8 21.9 15181 26436
136 206 8 30.4 6.8 110022 1291385
137 117 2 7.6 15.4 30820 103628
138 208 9 34.2 6.1 115377 1485426
139 312 13 49.4 6.3 256135 4804430
140 173 9 34.2 5.1 83495 1023153
141 83 1 3.8 21.8 14966 26044
142 109 5 19 5.7 32150 226583
143 119 3 11.4 10.5 33878 162108
144 45 1 3.8 11.9 4803 7817
145 126 4 15.2 8.3 39273 240367
146 56 1 3.8 14.8 7191 12038
147 22 1 3.8 5.7 1283 1808
148 205 8 30.4 6.7 108562 1272051
149 83 3 11.4 7.3 17433 77883
150 36 1 3.8 9.4 3065 4797
151 117 3 11.4 10.3 32891 156977
152 29 1 3.8 7.6 2109 3172
153 40 1 3.8 10.5 3793 6053
154 36 2 7.6 4.7 3674 9811
155 22 2 7.6 2.8 1584 3529
156 129 6 22.8 5.7 45144 380352
157 33 2 7.6 4.4 3262 8527
158 161 4 15.2 10.6 61643 394086
159 141 1 3.8 37.1 41839 75425
160 37 1 3.8 9.6 3234 5088
161 118 6 22.8 5.2 38490 316325
162 128 2 7.6 16.8 36592 124277
163 43 1 3.8 11.2 4304 6943
164 84 4 15.2 5.5 19107 106529
165 17 2 7.6 2.3 1107 2229
166 67 1 3.8 17.7 10082 17212
167 129 4 15.2 8.5 40987 252007
168 123 4 15.2 8.1 37839 230656
Particle 
no.
Length 
[nm]
No. of 
sheets
Thickness 
[nm]
Shape factor Surface area 
[nm
2
]
Volume 
[nm
3
]
169 61 2 7.6 8.0 9241 28091
170 81 2 7.6 10.7 15685 50213
171 100 5 19 5.3 27727 191010
172 47 1 3.8 12.4 5122 8375
173 263 6 22.8 11.5 162182 1575568
174 68 1 3.8 17.8 10195 17416
175 110 2 7.6 14.4 27398 91443
176 74 3 11.4 6.5 14290 62247
177 144 8 30.4 4.7 58970 630219
178 86 2 7.6 11.3 17231 55598
179 88 2 7.6 11.6 18251 59163
180 163 9 34.2 4.8 75513 909745
181 41 2 7.6 5.3 4535 12540
182 43 1 3.8 11.3 4328 6986
183 79 2 7.6 10.4 14877 47410
184 176 4 15.2 11.6 72903 472589
185 56 3 11.4 4.9 8700 35154
186 186 6 22.8 8.1 85838 785565
187 78 2 7.6 10.2 14482 46039
188 83 2 7.6 10.9 16369 52591
189 88 1 3.8 23.3 16975 29700
190 160 4 15.2 10.5 60680 387400
191 90 3 11.4 7.9 20125 91434
192 129 4 15.2 8.5 41294 254090
193 143 2 7.6 18.8 45038 154663
194 191 12 45.6 4.2 108027 1667698
195 81 2 7.6 10.7 15606 49940
196 42 2 7.6 5.6 4874 13628
197 210 10 38 5.5 120120 1675800
198 92 4 15.2 6.1 22613 129247
199 16 1 3.8 4.3 785 1019
200 207 6 22.8 9.1 105016 981473
201 191 3 11.4 16.7 81471 414805
202 135 4 15.2 8.9 44605 276657
203 133 6 22.8 5.8 47375 402022
204 42 3 11.4 3.6 5338 19638
205 54 2 7.6 7.1 7437 22038
206 117 2 7.6 15.4 31129 104730
207 64 2 7.6 8.5 10209 31371
208 93 1 3.8 24.5 18715 32872
209 34 1 3.8 8.8 2766 4286
210 20 1 3.8 5.3 1129 1561
211 26 2 7.6 3.4 2151 5162
212 42 3 11.4 3.7 5508 20399
213 80 2 7.6 10.6 15325 48963
214 106 4 15.2 7.0 29011 171415
215 119 2 7.6 15.6 31774 107032
216 197 3 11.4 17.3 86815 443576
217 102 6 22.8 4.5 30084 236964
218 135 3 11.4 11.8 42606 207765
219 228 5 19 12.0 121611 990458
220 118 4 15.2 7.7 34815 210250
221 82 3 11.4 7.2 17134 76389
222 122 4 15.2 8.0 37181 226204
223 261 5 19 13.7 156346 1296670
224 27 2 7.6 3.5 2217 5357
Particle 
no.
Length 
[nm]
No. of 
sheets
Thickness 
[nm]
Shape factor Surface area 
[nm
2
]
Volume 
[nm
3
]
225 53 2 7.6 6.9 7178 21178
226 112 3 11.4 9.9 30432 144225
227 192 5 19 10.1 88724 703907
228 239 7 26.6 9.0 139747 1520319
229 97 2 7.6 12.8 21930 72084
230 59 1 3.8 15.6 7899 13299
231 107 1 3.8 28.1 24481 43427
232 66 3 11.4 5.7 11577 48955
233 89 3 11.4 7.8 20000 90803
234 88 3 11.4 7.7 19364 87590
235 166 9 34.2 4.9 78012 945130
236 110 3 11.4 9.7 29324 138495
237 86 3 11.4 7.6 18876 85132
238 64 4 15.2 4.2 12232 63175
239 60 1 3.8 15.7 8044 13559
240 30 4 15.2 2.0 3560 13359
241 92 4 15.2 6.1 22670 129620
242 44 2 7.6 5.8 5160 14554
243 160 6 22.8 7.0 65727 583035
244 63 2 7.6 8.3 9856 30173
245 34 3 11.4 3.0 3811 12960
246 87 4 15.2 5.7 20388 114791
247 145 8 30.4 4.8 59682 639160
248 268 6 22.8 11.8 168100 1637695
249 207 6 22.8 9.1 104772 978963
250 49 2 7.6 6.4 6268 18169
251 58 1 3.8 15.2 7568 12709
252 184 3 11.4 16.2 76262 386813
253 159 4 15.2 10.4 60001 382690
254 59 2 7.6 7.8 8786 26559
255 49 3 11.4 4.3 7118 27748
256 152 10 38 4.0 69104 874786
257 78 3 11.4 6.9 15839 69925
258 135 3 11.4 11.8 42580 207629
259 182 3 11.4 15.9 74164 375560
260 142 2 7.6 18.7 44640 153227
261 57 7 26.6 2.1 12427 85193
262 104 5 19 5.5 29702 206835
263 80 1 3.8 21.0 13927 24159
264 98 2 7.6 12.9 22154 72872
265 67 2 7.6 8.8 10986 34017
266 158 7 26.6 5.9 66844 665233
267 224 8 30.4 7.4 127572 1525109
268 96 6 22.8 4.2 26965 208077
269 293 9 34.2 8.6 212140 2941536
270 31 2 7.6 4.0 2819 7167
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Figure B.2: TEM of OM-10, annotated with particle numbers as used in accom-
panying information
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Particle 
no.
Width 
[nm]
No. of 
sheets
Thickness 
[nm]
Shape factor Surface area 
[nm
2
]
Volume 
[nm
3
]
1 90 2 7.6 11.9 14917 48506
2 258 7 26.6 9.7 126171 1391256
3 138 2 7.6 18.2 33214 113690
4 183 4 15.2 12.0 61108 398141
5 43 2 7.6 5.7 3995 11242
6 90 1 3.8 23.7 13784 24148
7 102 4 15.2 6.7 21085 123354
8 118 3 11.4 10.4 26300 125718
9 95 2 7.6 12.5 16445 53870
10 125 5 19 6.6 31873 232080
11 69 2 7.6 9.1 9121 28403
12 193 4 15.2 12.7 67892 445844
13 168 3 11.4 14.7 50165 251713
14 140 3 11.4 12.3 35894 175976
15 165 12 45.6 3.6 66210 971601
16 375 14 53.2 7.0 283568 5875760
17 135 2 7.6 17.8 31808 108629
18 59 2 7.6 7.8 6883 20799
19 82 2 7.6 10.8 12613 40460
20 67 1 3.8 17.5 7752 13219
21 75 3 11.4 6.6 11548 50494
22 73 3 11.4 6.4 11039 47980
23 122 2 7.6 16.0 26210 88546
24 143 5 19 7.5 40514 303951
25 224 5 19 11.8 91987 747003
26 104 5 19 5.5 23040 160139
27 81 2 7.6 10.7 12367 39605
28 131 4 15.2 8.6 33243 205082
29 63 2 7.6 8.4 7849 24065
30 50 1 3.8 13.2 4524 7461
31 219 15 57 3.8 114284 2141016
32 265 14 53.2 5.0 154939 2941754
33 52 1 3.8 13.8 4918 8158
34 114 4 15.2 7.5 25830 154962
35 82 2 7.6 10.8 12627 40507
36 106 4 15.2 7.0 22589 133326
37 148 5 19 7.8 43476 328840
38 175 4 15.2 11.5 56230 363982
39 173 2 7.6 22.7 51038 178266
40 34 1 3.8 8.9 2214 3436
41 171 5 19 9.0 56353 438186
42 55 1 3.8 14.5 5399 9012
43 126 6 22.8 5.5 34063 285257
44 159 2 7.6 20.9 43548 151050
45 225 7 26.6 8.5 98324 1057637
46 154 2 7.6 20.3 40994 141794
47 207 4 15.2 13.6 76880 509329
48 68 1 3.8 17.9 8066 13785
Particle 
no.
Width 
[nm]
No. of 
sheets
Thickness 
[nm]
Shape factor Surface area 
[nm
2
]
Volume 
[nm
3
]
49 111 2 7.6 14.7 22156 74086
50 103 3 11.4 9.0 20270 94559
51 61 1 3.8 16.2 6656 11254
52 100 4 15.2 6.6 20413 118917
53 33 2 7.6 4.3 2450 6352
54 39 2 7.6 5.2 3375 9251
55 395 15 57 6.9 315265 6971152
56 100 5 19 5.3 21586 148502
57 207 7 26.6 7.8 84349 892163
58 94 3 11.4 8.2 17127 78510
59 56 2 7.6 7.3 6209 18538
60 69 2 7.6 9.1 9203 28683
61 90 2 7.6 11.8 14813 48141
62 111 2 7.6 14.7 22156 74086
63 44 1 3.8 11.5 3505 5671
64 58 2 7.6 7.7 6751 20356
65 79 2 7.6 10.3 11592 36915
66 122 4 15.2 8.0 29139 177234
67 98 3 11.4 8.6 18449 85242
68 111 4 15.2 7.3 24585 146626
69 136 3 11.4 11.9 33709 164472
70 93 3 11.4 8.2 16999 77860
71 157 3 11.4 13.8 44542 221762
72 111 3 11.4 9.7 23243 109873
73 185 5 19 9.7 64679 509653
74 33 1 3.8 8.7 2106 3252
75 52 2 7.6 6.8 5460 16044
76 103 3 11.4 9.0 20235 94380
77 31 1 3.8 8.2 1892 2890
78 40 1 3.8 10.7 3058 4892
79 39 1 3.8 10.2 2833 4501
80 37 2 7.6 4.8 2972 7976
81 23 2 7.6 3.0 1344 3055
82 87 3 11.4 7.6 15047 67981
83 151 4 15.2 9.9 43113 272795
84 92 3 11.4 8.0 16477 75208
85 63 1 3.8 16.7 7081 12014
86 89 2 7.6 11.7 14488 47003
87 96 2 7.6 12.6 16712 54810
88 115 3 11.4 10.1 25086 119412
89 76 2 7.6 10.0 10842 34319
90 86 3 11.4 7.6 14733 66400
91 108 3 11.4 9.5 22376 105394
92 77 4 15.2 5.1 13015 70941
93 120 3 11.4 10.5 26877 128722
94 72 2 7.6 9.5 9848 30893
95 114 3 11.4 10.0 24451 116122
96 110 1 3.8 29.0 20389 36240
Particle 
no.
Width 
[nm]
No. of 
sheets
Thickness 
[nm]
Shape factor Surface area 
[nm
2
]
Volume 
[nm
3
]
97 62 1 3.8 16.4 6847 11595
98 130 5 19 6.8 34079 250311
99 122 3 11.4 10.7 27888 133987
100 84 3 11.4 7.4 14115 63293
101 49 2 7.6 6.5 4999 14520
102 46 1 3.8 12.2 3922 6401
103 175 2 7.6 23.0 52173 182396
104 128 3 11.4 11.2 30261 146383
105 130 4 15.2 8.6 32932 202960
106 164 3 11.4 14.4 47924 239761
107 172 3 11.4 15.1 52625 264852
108 96 3 11.4 8.4 17856 82216
109 49 2 7.6 6.4 4921 14264
110 161 4 15.2 10.6 48389 309334
111 178 3 11.4 15.6 56294 284489
112 83 4 15.2 5.5 14848 82646
113 97 3 11.4 8.5 18184 83890
114 45 3 11.4 3.9 4784 18092
115 117 5 19 6.2 28441 203902
116 156 4 15.2 10.3 45739 290959
117 225 4 15.2 14.8 90376 605146
118 118 5 19 6.2 28815 206962
119 123 2 7.6 16.2 26765 90534
120 176 4 15.2 11.5 56782 367837
121 307 4 15.2 20.2 162745 1125434
122 194 4 15.2 12.7 68147 447638
123 123 4 15.2 8.1 29558 180069
124 86 4 15.2 5.6 15623 87637
125 46 2 7.6 6.1 4466 12775
126 83 4 15.2 5.5 14758 82068
127 119 2 7.6 15.7 25078 84500
128 119 5 19 6.3 29465 212285
129 135 3 11.4 11.8 33440 163061
130 49 2 7.6 6.5 5016 14577
131 68 3 11.4 6.0 9713 41472
132 202 5 19 10.6 76247 609720
133 106 4 15.2 7.0 22737 134308
134 236 8 30.4 7.8 110164 1331664
135 164 6 22.8 7.2 53984 481515
136 64 2 7.6 8.5 8034 24695
137 160 4 15.2 10.5 47986 306542
138 373 14 53.2 7.0 281547 5828696
139 187 6 22.8 8.2 68606 629057
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Figure B.3: TEM of OS-10, annotated with particle numbers as used in accom-
panying information
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Particle no. Length [nm] Width [nm] Shape factor Area [nm
2
] Volume [nm
3
]
1 67.5 14.0 4.8 4169 13218
2 84.1 17.5 4.8 6502 25780
3 54.5 19.4 2.8 4984 20526
4 200.5 9.8 20.4 8086 19417
5 67.9 9.4 7.2 2738 6033
6 85.9 18.6 4.6 7093 29789
7 85.0 22.4 3.8 8603 42504
8 116.7 27.4 4.3 14290 87593
9 66.1 14.7 4.5 4314 14260
10 72.5 7.2 10.1 2180 3720
11 400.1 10.3 38.8 16700 42467
12 471.2 17.0 27.8 32535 135475
13 282.3 14.9 18.9 17295 62860
14 252.7 16.5 15.3 17217 68746
15 148.8 13.8 10.8 8572 28198
16 404.3 21.9 18.4 36448 194680
17 114.1 18.6 6.1 9192 39558
18 99.3 15.7 6.3 6713 24365
19 207.9 18.9 11.0 16470 74594
20 162.6 6.1 26.9 4010 5957
21 242.6 12.0 20.3 11896 34728
22 213.9 15.7 13.6 13934 52779
23 172.8 15.1 11.5 10863 39195
24 76.2 11.2 6.8 3659 9529
25 71.1 29.9 2.4 10294 63570
26 219.9 12.5 17.6 11284 34218
27 158.5 6.8 23.3 4397 7309
28 143.2 16.8 8.5 10200 40503
29 164.5 12.5 13.2 8518 25592
30 196.4 11.8 16.7 9530 27252
31 74.4 8.7 8.5 2750 5671
32 125.7 16.5 7.6 8835 34185
33 215.3 21.0 10.2 18986 95134
34 158.0 28.1 5.6 19366 125080
35 165.4 10.2 16.2 6963 17242
36 168.2 4.8 35.0 3278 3882
37 117.3 4.7 25.1 2234 2555
38 79.9 14.4 5.6 5006 16500
39 189.4 7.1 26.6 5492 9589
40 66.1 7.9 8.4 2213 4123
41 307.2 12.6 24.4 15759 48516
42 449.5 13.1 34.3 23937 77388
43 114.6 9.6 11.9 4589 10580
44 177.4 11.3 15.7 8289 22729
45 93.3 9.6 9.8 3753 8535
46 309.5 20.2 15.3 25874 126750
47 388.1 16.8 23.1 26596 109149
48 99.8 6.0 16.6 2470 3600
49 111.3 12.9 8.6 6073 18499
Particle no. Length [nm] Width [nm] Shape factor Area [nm
2
] Volume [nm
3
]
50 145.1 13.8 10.5 8397 27682
51 53.6 4.8 11.2 1076 1237
52 128.4 20.0 6.4 11078 51398
53 258.7 10.7 24.2 11272 29467
54 298.5 16.0 18.6 19652 76704
55 107.2 8.4 12.7 3746 7578
56 266.1 5.2 51.0 5612 7253
57 88.7 7.3 12.1 2714 4787
58 78.5 6.5 12.1 2116 3286
59 139.5 25.2 5.5 15351 88781
60 148.8 4.9 30.7 2934 3501
61 43.0 8.1 5.3 1520 2809
62 158.9 12.9 12.3 8558 26595
63 68.8 18.9 3.6 5917 24579
64 69.8 5.1 13.7 1470 1802
65 64.7 13.1 4.9 3739 11135
66 41.1 4.1 10.0 710 695
67 105.3 13.0 8.1 5829 17880
68 122.0 5.2 23.4 2601 3324
69 213.9 10.6 20.1 9318 24153
70 55.4 12.2 4.5 3015 8310
71 70.7 7.9 8.9 2359 4412
72 94.2 15.1 6.3 6132 21379
73 131.7 26.7 4.9 15461 93567
74 65.1 15.0 4.3 4363 14686
75 127.1 14.7 8.6 7898 27423
76 101.6 5.3 19.1 2217 2869
77 310.5 10.2 30.5 12829 32073
78 499.9 15.6 32.1 31616 121175
79 118.7 14.8 8.0 7459 25951
80 126.1 11.4 11.1 5992 16291
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Figure B.4: TEM of OS-10, annotated with particle numbers as used in accom-
panying information
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Particle no. Length [nm] Width [nm] Shape factor Area [nm
2
] Volume [nm
3
]
1 71.6 4.5 16.1 1316 1422
2 246.1 6.0 40.9 5993 8902
3 255.0 11.9 21.5 12388 35918
4 332.9 13.4 24.8 18236 59996
5 152.7 11.9 12.8 7564 21697
6 205.7 6.7 30.6 5612 9267
7 147.1 9.5 15.6 5741 13143
8 69.3 7.5 9.2 2196 3915
9 78.4 5.0 15.5 1634 1998
10 412.4 6.2 66.2 10354 16003
11 256.7 12.9 19.8 13623 42992
12 92.4 5.9 15.6 2252 3223
13 261.0 6.8 38.6 7155 11948
14 318.4 16.2 19.6 21183 83751
15 188.0 6.2 30.4 4719 7168
16 53.7 7.3 7.4 1675 2864
17 206.7 8.0 25.8 6745 13236
18 226.1 13.5 16.7 12604 41401
19 101.0 10.1 9.9 4305 10399
20 214.3 4.8 44.3 4189 5005
21 209.4 10.1 20.7 8661 21345
22 170.2 10.8 15.7 7622 20030
23 103.6 5.3 19.5 2260 2929
24 202.4 22.1 9.2 18847 98616
25 138.0 3.8 36.7 2103 1950
26 127.3 5.0 25.2 2621 3243
27 224.5 20.9 10.7 19681 98453
28 114.9 6.1 18.8 2889 4307
29 37.6 5.0 7.5 801 938
30 250.2 6.4 39.2 6478 10219
31 478.5 7.1 67.5 13667 24041
32 98.8 5.2 19.0 2113 2681
33 79.5 5.0 15.9 1638 1982
34 462.9 7.7 59.9 14437 27679
35 265.8 8.7 30.6 9401 20117
36 405.4 5.7 70.6 9384 13386
37 434.4 6.2 70.3 10808 16568
38 316.3 8.0 39.5 10251 20249
39 175.1 5.0 34.7 3586 4461
40 90.2 12.2 7.4 4696 13406
41 57.5 6.7 8.6 1633 2589
42 62.3 5.0 12.3 1309 1587
43 51.6 3.9 13.2 839 792
44 95.0 11.1 8.6 4451 11631
45 174.5 8.2 21.4 5831 11628
46 164.3 8.4 19.5 5684 11680
47 196.5 9.5 20.8 7609 17556
48 54.2 6.9 7.9 1586 2563
49 83.2 10.1 8.2 3565 8483
Particle no. Length [nm] Width [nm] Shape factor Area [nm
2
] Volume [nm
3
]
50 118.1 13.4 8.8 6705 21292
51 460.7 17.9 25.8 33596 147333
52 79.5 8.3 9.5 2785 5506
53 494.0 11.9 41.4 23843 70213
54 147.7 8.7 17.0 5290 11176
55 231.4 11.8 19.6 11216 32303
56 82.7 15.6 5.3 5658 20194
57 101.0 9.5 10.6 4019 9121
58 248.1 14.0 17.8 14245 48363
59 198.2 8.3 23.8 6736 13728
60 82.7 13.2 6.3 4719 14432
61 47.3 4.3 10.9 860 894
62 81.1 5.1 15.9 1707 2110
63 71.4 8.9 8.1 2688 5607
64 39.7 7.7 5.1 1349 2376
65 114.9 4.5 25.5 2114 2338
66 86.5 5.5 15.6 1974 2645
67 289.4 6.5 44.5 7607 12220
68 92.4 10.3 9.0 4022 9819
69 159.5 7.2 22.2 4694 8258
70 42.2 6.4 6.6 1171 1753
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Figure B.5: TEM of OS-10, annotated with particle numbers as used in accom-
panying information
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Particle no. Length [nm] Width [nm] Shape factor Area [nm
2
] Volume [nm
3
]
1 143.1 7.8 18.4 2289 8672
2 420.4 34.1 12.3 29860 489708
3 174.9 13.8 12.7 5006 33166
4 206.6 26.3 7.8 11580 143409
5 79.0 12.6 6.3 2146 12499
6 225.7 18.0 12.6 8433 72851
7 168.3 15.6 10.8 5482 40785
8 125.7 10.2 12.4 2664 13031
9 118.0 22.2 5.3 5718 57906
10 241.9 19.2 12.6 9638 88824
11 38.9 8.4 4.6 723 2735
12 173.1 13.2 13.1 4733 30033
13 332.3 21.0 15.9 14369 145975
14 411.4 10.2 40.4 8479 42629
15 134.7 10.2 13.2 2847 13961
16 225.1 29.3 7.7 14073 193834
17 427.5 18.0 23.8 15684 137972
18 327.5 13.8 23.8 9212 62129
19 52.7 13.8 3.8 1641 9995
20 200.0 12.0 16.7 4934 28685
21 62.9 13.2 4.8 1830 10912
22 269.5 10.8 25.0 5925 31305
23 301.2 20.4 14.8 12679 124847
24 137.7 12.0 11.5 3442 19753
25 173.1 15.0 11.6 5405 38782
26 192.2 13.8 14.0 5484 36460
27 122.8 10.2 12.1 2603 12720
28 34.1 9.6 3.6 746 3133
29 78.4 16.2 4.9 2798 20505
30 128.7 12.6 10.2 3396 20358
31 85.6 10.2 8.4 1847 8873
32 51.5 7.8 6.6 862 3121
33 213.8 10.8 19.8 4724 24835
34 200.6 16.2 12.4 6748 52435
35 61.1 16.2 3.8 2236 15965
36 379.0 22.2 17.1 17287 186062
37 185.6 21.6 8.6 8468 86262
38 189.8 12.6 15.1 4932 30016
39 137.1 7.2 19.1 2022 7080
40 243.1 10.8 22.6 5357 28244
41 244.9 22.2 11.1 11343 120220
42 191.6 28.1 6.8 11578 151774
43 146.1 13.8 10.6 4214 27714
44 132.9 22.8 5.8 6567 68829
45 135.9 13.2 10.3 3755 23590
46 58.7 15.0 3.9 1981 13151
47 376.6 23.4 16.1 18137 205414
48 309.6 21.6 14.4 13812 143862
49 67.1 18.0 3.7 2732 21643
50 335.9 10.2 33.0 6943 34811
51 214.4 13.2 16.3 5822 37203
52 136.5 8.4 16.3 2359 9595
53 150.3 9.0 16.7 2781 12126
54 356.9 21.6 16.6 15851 165845
Particle no. Length [nm] Width [nm] Shape factor Area [nm
2
] Volume [nm
3
]
55 161.7 14.4 11.3 4854 33392
56 244.9 13.2 18.6 6626 42503
57 148.5 12.0 12.4 3700 21299
58 462.9 32.9 14.1 31573 502060
59 267.1 13.2 20.3 7210 46348
60 415.0 23.4 17.8 19927 226315
61 191.6 7.2 26.7 2805 9894
62 106.6 9.6 11.1 2134 9784
63 110.2 11.4 9.7 2637 14262
64 199.4 7.8 25.6 3165 12083
65 147.3 15.0 9.8 4634 33012
66 107.8 9.6 11.3 2157 9894
67 252.1 20.4 12.4 10679 104494
68 200.6 14.4 14.0 5972 41430
69 87.4 9.0 9.7 1651 7053
70 91.6 9.0 10.2 1726 7391
71 157.5 7.2 21.9 2315 8131
72 147.9 23.4 6.3 7453 80663
73 126.3 13.2 9.6 3502 21927
74 94.6 14.4 6.6 2926 19540
75 304.8 17.4 17.6 10887 91910
76 107.2 16.2 6.6 3727 28018
77 109.6 13.8 8.0 3208 20785
78 46.1 9.0 5.1 909 3720
79 167.7 7.8 21.5 2671 10160
80 231.1 10.2 22.7 4809 23952
81 290.4 14.4 20.2 8554 59981
82 97.0 8.4 11.6 1697 6817
83 385.0 36.5 10.5 29462 513714
84 402.4 21.6 18.7 17813 186993
85 130.5 10.8 12.1 2930 15165
86 175.4 11.4 15.4 4122 22710
87 226.3 12.6 18.0 5851 35792
88 215.6 11.4 18.9 5035 27904
89 215.0 13.8 15.6 6111 40776
90 121.0 9.6 12.6 2410 11103
91 90.4 11.4 7.9 2187 11704
92 198.2 8.4 23.6 3393 13929
93 377.2 27.5 13.7 21541 286224
94 140.7 12.0 11.8 3514 20183
95 179.6 24.6 7.3 9423 108278
96 232.3 14.4 16.2 6884 47985
97 187.4 13.2 14.2 5112 32527
98 329.3 13.8 23.9 9261 62470
99 170.1 9.0 18.9 3136 13720
100 162.3 6.0 27.1 1979 5819
101 213.8 10.2 21.0 4456 22152
102 140.1 16.8 8.4 4980 39390
103 262.3 12.0 21.9 6425 37617
104 346.7 15.6 22.3 11038 84038
105 203.0 10.2 19.9 4236 21035
106 93.4 13.2 7.1 2635 16211
107 214.4 15.0 14.3 6642 48041
Appendix C
Calculations of Silanol Density
on OMMT
The following pages show the calculations for estimating the quantity of
TESPT required to saturate the surface of OMMT particles assuming no facial
silanols, one facial silanol per 3nm2 and one facial silanol per 1nm2 respectively.
This work is discussed in Section 9.2.7.
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